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The Chemistry of Functional Groups 
Preface to the Series 


The series ‘The Chemistry of Functional Groups’ is planned to 
cover in each volume all aspects of the chemistry of one of the im¬ 
portant functional groups in organic chemistry. The emphasis is laid 
on the functional group treated and on the effects which it exerts on 
the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behaviour of 
the whole molecule. For instance, the volume The Chemistry of the Ether 
Linkage deals with reactions in which the C—O—C group is involved, 
as well as with the effects of the C—O—C group on the reactions of 
alkyl or aryl groups connected to the ether oxygen. It is the purpose 
of the volume to give a complete coverage of all properties and re¬ 
actions of ethers in as far as these depend on the presence of the ether 
group, but the primary subject matter is not the whole molecule, but 
the C—O—C functional group. 

A further restriction in the treatment of the various functional 
groups in these volumes is that material included in easily and 
generally available secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ 
and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research 
institutes) should not, as a rule, be repeated in detail, unless it is 
necessary for the balanced treatment of the subject. Therefore each of 
the authors is asked not to give an encyclopedic coverage of his sub¬ 
ject, but to concentrate on the most important recent developments 
and mainly on material that has not been adequately covered by re¬ 
views or other secondary sources by the time of writing of the chapter, 
and to address himself to a reader who is assumed to be at a fairly 
advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised 
for a volume that would give a complete coverage of the subject with 
no overlap between the chapters, while at the same time preserving 
the readability of the text. The Editor set himself the goal of attain¬ 
ing reasonable coverage with moderate overlap, with a minimum of 
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cross-references between the chapters of each volume. In this man¬ 
ner, sufficient freedom is given to each author to produce readable 
quasimonographic chapters. 

The general plan of each volume includes the following main 
sections: 

(a) An introductory chapter dealing with the general and theo¬ 
retical aspects of the group. 

(b) One or more chapters dealing with the formation of the func¬ 
tional group in question, either from groups present in the molecule, 
or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 
of the functional groups, i.e. a chapter dealing with qualitative and 
quantitative methods of determination including chemical and 
physical methods, ultraviolet, infrared, nuclear magnetic resonance, 
and mass spectra; a chapter dealing with activating and directive 
effects exerted by the group and/or a chapter on the basicity, acidity 
or complex-forming ability of the group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which the functional group can undergo, either alone or in con¬ 
junction with other reagents. 

(e) Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group treated, 
these special topics may include short monographs on related func¬ 
tional groups on which no separate volume is planned (e.g. a chapter 
on ‘Thioketones’ is included in the volume The Chemistry of the Carbonyl 
Group, and a chapter on ‘Ketenes’ is included in the volume The 
Chemistry of Alkenes ). In other cases, certain compounds, though con¬ 
taining only the functional group of the title, may have special 
features so as to be best treated in a separate chapter as e.g. ‘Poly¬ 
ethers’ in The Chemistry of the Ether Linkage, or ‘Tetraaminoethylenes’ 
in The Chemistry of the Amino Group. 

This plan entails that the breadth, depth and thought-provoking 
nature of each chapter will differ with the views and inclinations of 
the author and the presentation will necessarily be somewhat uneven. 
Moreover, a serious problem is caused by authors who deliver their 
manuscript late or not at all. In order to overcome this problem at 
least to some extent, it was decided to publish certain volumes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally 
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planned parts of a volume, it is found that either owing to non¬ 
delivery of chapters, or to new developments in the subject, sufficient 
material has accumulated for publication of an additional part, this 
will be done as soon as possible. 

It is hoped that the series ‘The Chemistry of Functional Groups’ 
will include the titles listed below: 

The Chemistry of the Alkens (published.) 

The Chemistry of the Carbonyl Group ( published ) 

The Chemistry of the Ether Linkage ( published ) 

The Chemistry of the Amino Group ( published) 

The Chemistry of the Nitro and Nitroso Groups (published ) 

The Chemistry of Carboxylic Acids and Esters (in press) 

The Chemistry of the Carbon-Nitrogen Double Bond (in preparation) 

The Chemistry of the Cyano Group (in preparation) 

The Chemistry of the Carboxamido Group (in preparation) 

The Chemistry of the Carbon-Halogen Bond 

The Chemistry of the Hydroxyl Group (in preparation) 

The Chemistry of the Carbon—Carbon Triple Bond 

The Chemistry of the Azido Group 

The Chemistry of Imidoates and Amidines 

The Chemistry of the Thiol Group 

The Chemistry of the Hydrazo, Azo and Azoxy Groups 

The Chemistry of Carbonyl Halides 

The Chemistry of the SO, S0 2 , — S0 2 H and — SO s H Groups 
The Chemistry of the — OCN, —NCO and —SCN Groups 
The Chemistry of the — PO s H 2 and Related Groups 

Advice or criticism regarding the plan and execution of this series 
will be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and 
advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but un¬ 
fortunately their code of ethics does not allow me to thank them by 
name). Many of my friends and colleagues in Jerusalem helped 



me in the solution of various major and minor matters and my 
thanks are due especially to Prof, Y. Liwschitz, Dr. Z. Rappoport and 
Dr. J. Zabicky. Carrying out such a long-range project would be 
quite impossible without the non-professional but none the less 
essential participation and partnership of my wife. 


The Hebrew University, 
Jerusalem, Israel 


Saul Patai 



Foreword 


The concept of this book arose from several discussions with Professor 
Saul Patai during my sabbatical leave at the Hebrew University of 
Jerusalem in the Spring of 1964. While disclosing his plans to edit a 
series of treatises concerned with the chemistry of functional groups, 
inclusion of the nitro and nitroso groups as the subject-matter for 
one of the volumes was brought forward. I accepted the editorship 
of such a treatise as part of the series because I considered it very 
worthwhile that up-to-date discussions on the theoretical, physical, 
and mechanistic aspects of these groups be unified in one publication, 
by active workers in the field. For although several review articles, 
proceedings of various symposia, and isolated chapters in various 
books have concerned themselves with certain aspects of the 
chemistry of the nitro and nitroso groups—an active and exciting 
field of research—no self-contained book on the subject has been 
available. 

As in the already published books of this series, the subject-matter 
in this treatise has been considered from the viewpoint of the 
functional group. Instead of an encyclopedic coverage of all known 
reactions and compounds, the emphasis has been placed on basic 
principles, mechanisms, and recent advances in both theory and 
practice. It is hoped that by choosing this approach, a broad and 
concise picture of the importance of the nitro and nitroso groups 
has been attained. 

The editing and publishing of a book which is made up of con¬ 
tributions from several authors are usually delayed by the fact that 
the deadline agreed upon is exceeded by some of the contributors. 
Such delay is unfortunate because it can sometimes result in 
obsolescence of some parts of a manuscript. To minimize such 
possibilities, which invariably occur when discussions in active fields 
of research are involved, and to keep the format of the book to a 
manageable size, it was decided to publish the treatise in two volumes. 

It is with great pleasure that I acknowledge the cooperation of 
Professor Saul Patai, and the advice and suggestions in editorial 
matters of the Publishers. I also express my gratitude to Mr. M. 
Auerbach who did most of the painstaking work involved in pre¬ 
paring the Subject Index. 

Lafayette, December 1968 Henry Feuer 
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I. QUANTUM MECHANICAL CALCULATIONS 
OF MOLECULAR PROPERTIES 

A. The Molecule as a Many Body Problem 

I. Some general remarks 

Ever since the birth of quantum mechanics in the mid-nineteen- 
twenties it has generally been assumed that this branch of theoretical 
physics should adequately explain all atomic and molecular prop¬ 
erties and phenomena commonly designated as ‘chemistry’ 1 . 
Quantum chemistry thus starts from the idea that the solution of the 
Schrodinger equation for any atomic or molecular system should 
enable one to completely understand its behaviour. The difficulty 
of quantum chemistry does not lie in writing down the Schrodinger 
equation for a particular system, but rather in solving it. The 
complexity of this differential equation rapidly rises with the number 
of particles involved. Only the equation for the hydrogen atom may 
easily be solved to a satisfactory degree of accuracy. As soon as we 
tackle the three body problem, even the best solutions obtained to 
date have a much more approximate nature. The labor required to 
find these solutions rapidly becomes immense. 

The experimental investigation of matter proceeds along two 
lines: ( a ) the interaction of atoms and molecules with electro¬ 
magnetic radiation, commonly called spectroscopy; ( b ) the inter¬ 
action of atoms and molecules among themselves, which we may 
call ‘kinetics’. Traditionally, spectroscopy rather belongs to 
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physics, and chemistry is more or less identical with what we here 
call ‘kinetics’. However, the importance of spectroscopy to the 
understanding of kinetic processes has become so great, that it is 
difficult to separate these two branches of investigation. Due to the 
mathematical difficulties outlined above, we cannot rely on calcula¬ 
tions alone to gain a deeper understanding of chemical reactions. 
We are very heavily dependent on the results of spectroscopic 
measurements. The first and more modest aim of quantum chemistry 
therefore is to interpret the results of such spectroscopic investiga¬ 
tions. In many instances the atom or molecule may then be treated 
as an isolated system, and the interaction with its surroundings and 
with radiation as a weak perturbation, which simplifies the problem. 
Nevertheless, the task is still a formidable one and still requires the 
introduction of suitable approximations. 

Attempts to calculate accurately the reactivity of molecules and 
the course of chemical reactions quickly lead to intractable mathe¬ 
matical problems. From that point of view predictions are at best 
tentative and semi-quantitative. 

2. The separation of the motions of electrons and nuclei 

Already in 1927 Born and Oppenheimer 2 had shown that, due 
to the great mass difference between the nuclei and electrons, the 
motions in a molecule of the nuclei may be treated separately from 
the motions of the electrons. Qualitatively, the picture which emerges 
is that the slowly moving nuclei see the electrons as a cloud surround¬ 
ing them and confining their motion to a definite region of space—- 
the rapidly moving electrons see the nuclei as almost static centers 
around which they evolve. The quantum mechanical problem is 
thus separated into equations for the electronic properties at fixed 
nuclear configuration on one hand, and equations for the vibrations 
of the nuclei from the equilibrium configuration and for the overall 
rotation of the molecular frame on the other. This first simplification 
is, however, not yet sufficient by far to make the problem as a whole 
readily soluble. Our work depends on further approximation. 


B. Solution of the Electronic Problem 

Our main interest here lies in the properties of the valence 
electrons, which are responsible for chemical reactions. Although 
we are unable to give a detailed mathematical treatment of such a 
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reaction, our interpretation of the spectroscopic properties of 
valence electrons, and our deductions as to their distribution in 
space may give useful clues as to their role in chemical binding. 

In our case, the bonds G—NO and C—NO a are no physical entities. 
Depending on the molecule to which they^belong, our theoretical 
description may be quite different. In general, the larger the molecule 
in question, the more drastic the approximations necessary to make 
calculations tractable. 

Firstly, we therefore want to give an outline of the general course 
of a calculation; secondly, we will deal in some detail with the 
approximations. 


I. The LCAO-MO scheme 

A method of solution widely adopted in molecular electronic 
problems is the LCAO-MO (linear combinations of atomic orbitals- 
molecular orbital) scheme. The main steps of such a calculation are 
outlined in Table 1. We will assume the reader to be familiar in a 
qualitative way with the solutions of the Schrodinger equation 
for the hydrogen atom, the hydrogenic wave functions, or hydrogen 


Table 1. Various steps in solving the molecular electronic problem, according 
to the LCAO-MO scheme. 


Atomic Orbitals 
Xv • • • > Xp • • • 
Molecular Orbitals 
*Pi ^ fypXp > £ i 

V 

Spinorbitals 
(p&> <PiP 


Choice of the initial basis. 
Variational procedure. 
One-electron molecular orbitals; 
one electron energies. 

Inclusion of spin. 


Slater determinant 


<Pi “(I) 9 , i“(2) 
?>#i) nm 


o A = 

ViV! 

Solution of the Electronic Problem 




■ 9 K PW 


Many-electron function. Product 
of one-electron spinorbitals. Anti¬ 
symmetrized with regards to 
interchange of electrons. 


Configuration interaction calcula¬ 
tion. 


A 

T 0 : Ground state wave function, with energy E Q . 

.... Excited state wave functions, with energies /' j, 
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atomic orbitals 3,4 . The electronic structure of many-electron atoms 
may also be described by using atomic orbitals, which in their 
‘shape’ i.e. angular dependence, are also like hydrogenic orbitals. 

Orbitals of the atoms, of which the molecule in question is built 
up, are combined in a first step to one-electron molecular orbitals. 
This may be done by a variational procedure and leads to a system 
of simultaneous algebraic equations (leading to a secular equation) to 
determine to what extent each atomic orbital will contribute to a given 
molecular orbital. The question of how many atomic orbitals are to be 
considered in building up the orbitals of a particular molecule is a 
matter of appreciation. In general, the more limited this set is, i.e. 
the smaller the atomic orbital basis, the simpler the computation will 
be, but also the greater the restrictions imposed on the quality of the 
results and on any further calculations. Molecular orbitals and their 
energy eigenvalues give us a first approximate description of the 
electrons in a molecule, treated as independent entities. 

A wave function for the electrons treated collectively can be 
expressed in terms of the one-electron molecular orbitals. It also 
has to take into account the spin properties of the electrons and the 
Pauli principle. Thus every one-electron molecular orbital must be 
multiplied by a spin function a or /?, corresponding to spin values 
+ J or — Furthermore, the function must be antisymmetric with 
respect to interchange of two electrons and is therefore written as an 
antisymmetrized product of one-electron molecular orbitals, or 
Slater determinant. 

A given one-electron molecular orbital may be occupied by only 
one electron of given spin value, that is, at most by two electrons 
with opposite spin. The totality of electrons in the molecule may be 
distributed in different ways among the complete set of molecular 
orbitals. Each such distribution is called a configuration and is 
described by a different Slater determinant. The ground configura¬ 
tion is the one in which the electrons are distributed over the molec¬ 
ular orbitals of lowest energy. 

The complete calculation of the electronic problem, aiming at an 
accurate description of the different electronic states of a molecule, 
must take into account explicitly the electrostatic interaction between 
the electrons. This can be achieved by writing the solution—i.e. the 
molecular electronic wave function as a linear combination of the 
Slater determinants of all the possible configurations. Strictly 
speaking, configurations of the ionized system should be included as 
well. The determination of the extent to which each configuration 
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contributes to a given state may again be achieved by a variational 
procedure. Theoretically there is an infinity of different configura¬ 
tions. In practice we must limit ourselves to a finite number, thereby 
again restricting the accuracy of our results. But we may, for in¬ 
stance, safely assume that—-if we use reasonably good molecular 
orbitals—the ground state of the molecule will consist principally 
of the ground configuration and that, on the other hand, configura¬ 
tions of much higher energy will make vanishingly small contri¬ 
butions to it. 

‘ The general procedure outlined here leaves room for many 
modifications. We may optimize the calculation of the one-electron 
molecular orbitals by taking into account electron interaction to a 
significant extent already in the first step. We may then obtain SGF 
(self consistent field) molecular orbitals. The ground configuration 
expressed in terms of SGF orbitals will be a good approximation to 
the actual ground electronic state of the molecule 6 . The ground 
state energy so calculated will be equal to the true energy minus the 
so-called ‘correlation’ energy. 

We may go to the other extreme, skip the calculation of molecular 
orbitals, and build up Slater determinants directly from atomic 
orbitals. We then no longer speak of configurations, but of canonical 
structures, and our procedure is now no longer called the LCAO-MO, 
but the VB (valence bond) method 4 . 

2. Semiempirical calculations 

We will now briefly deal with the various degrees of further 
approximation. Suppose we are studying a large molecule, such 
as for instance nitrobenzene, the symmetry of which allows us to 
distinguish between a and ir electrons. In an accurate calculation 
we would consider the interaction between a and it electrons 
explicitly, as well as the interaction between the electrons within a 
group. Our calculation would start from a large basis of atomic 
orbitals and all intermediate quantities would be calculated explic¬ 
itly. We will call this the ‘ab initio’ procedure. Even on fast 
present-day computers calculations of this type rapidly become 
extremely tedious and time consuming for molecules with more than 
a few atoms. For larger molecules semiempirical procedures become 
a necessity. They consist in utilizing experimental atomic data, such 
as ionization potentials and electron affinities in assessing inter¬ 
mediate quantities in the calculation. By the so-called neglect of 
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differential overlap, for instance, only dominant terms in a calcula¬ 
tion are considered, thereby further reducing significantly the amount 
of labor involved 6 ' 7 . Depending upon the degree of further approxi¬ 
mation, we will classify semiempirical calculations into various types. 

Type (a): Both a and n electrons are taken into account. Inter¬ 
action between all electrons is considered explicitly. 

Type (b): Only n electrons are taken into account, interaction 
between the tt electrons is considered explicitly. 

Type ( c ): Both a and tt electrons are taken into account, but their 
interaction is not treated explicitly. This is the so-called extended 
Huckel method 8 . 

Type (d) : Only it electrons are taken into account. Their inter¬ 
action is not treated explicitly. This is the usual Huckel method of 
7r electron theory 9 ' 10 . 

In the next section we will consider molecules of many different 
sizes and geometries. We will discuss ab initio calculations on the 
molecule NO, but we find that only Huckel (type d) calculations 
have been performed to date on certain nitronaphthalenes. 

II. ALIPHATIC C-NO AND C-NO, COMPOUNDS 
A. Nitric Oxide and Nitrosoalkanes 
I. Ab initio calculations on NO 

The molecule NO is paramagnetic. The first reason for this lies 
in the fact that it contains an odd number of electrons, of which one 
must necessarily have an unpaired spin. In the ground electronic 
state, designated by the spectroscopic notation 2 II, the molecule 
also possesses a nonvanishing component of electronic angular 
momentum around the internuclear axis. Thus we may have two 
different resulting components of the electronic magnetic moment. 
In the term designated by 2 IIi the spin magnetic moment and the 
magnetic moment arising from the orbital angular momentum 
cancel each other, whereas in the term 2 IT the magnetic moments 
add. These terms are separated by a very small energy interval of 
120.9 cm -1 (0.015 eV), the former lying below the latter. In a 
sample of gas at very low temperature the 2 fL state is practically 
exclusively populated, leading to an effective magnetic moment of 
zero. At temperatures for which the multiplet splitting is small 
compared to kT both levels contain almost equal numbers of 
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molecules. With increasing temperature the effective magnetic 
moment thus tends asymptotically towards the value of two Bohr 
magnetons. In striking contrast to oxygen, NO consequently does 
not obey Curie’s law 11,12 . 

The equilibrium bond length of N 14 0 16 is 1.15 A 11 , and measure¬ 
ments of the dipole moment 18 by the microwave Stark effect give a 
value of 0.16 D (Debye units), with undetermined sign. 

Lefebvre-Brion, Moser and Yamazaki have carried out ab initio 
calculations on NO. In a first calculation 14 they start from an atomic 
orbital basis consisting of the 1 j, 2 s, 2 p a , 2 p„, 2/;„ Slater orbitals for 
oxygen and nitrogen. The 2 p a orbital has its axis parallel to the 
molecular axis, the axes of the other 2 p orbitals lie perpendicular. 
Molecular orbitals are calculated by the SCF procedure. However, 
the fact that the ground configuration corresponds to a non-closed 
shell has to be taken particularly into account (for further discussion 
of this point see section II.C.l.). In a second calculation 15 the atomic 
orbital basis is enlarged and some 3fi?-functions are added to it. 
The seven SCF-molecular orbitals of lowest energy are assumed 
doubly filled, the eighth contains a single electron. These eight 
molecular orbitals, as given by the first calculation 14 , are depicted in 
Figure 1. According to their symmetry they may be characterized as 
a or 77. The n orbitals are linear combinations of atomic orbitals 2 p m 
respectively 2j&*. They are pairwise degenerate, that is, I 77 corre¬ 
sponds to the same energy as ltr, 277 to the same energy as 2-7?. The 
probability of finding the unpaired electron in 277 is as great as that 
of finding it in 277, due to the interaction of the two degenerate 
configurations. Consequently the electronic charge distribution is 
cylindrically symmetric, as expected from physical intuition. On the 
other hand, the orbitals 277, 2ir have a node perpendicular to the 
molecular axis, while the orbitals 177, hr do not. In the two lowest a 
orbitals, 1 cr and 2<x, the electrons are located practically entirely 
on one atom, in the first case on O, in the second case on N. These 
electrons hardly contribute to the binding of the molecule and 
practically belong to the respective atomic cores. 

At first glance it seems difficult to correlate the molecular orbital 
picture with the description familiar to the chemist, in which it is 
assumed that NO shows one a, one ordinary 77 and one three- 
electron 77 bond. 

:N: :0: 

This situation may be clarified by examining the ‘overlap 
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Figure 1. The SCF molecular orbitals and eigenvalues for NO, according to the first 
calculation described in reference 14. The radius of the contour of a given atomic orbital 
2s or 2 p is made proportional to the respective LCAO-coefficient. The radii of the \s 
orbitals in Iff and 2 o' are drawn somewhat arbitrarily. 
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population’* 10 according to Mulliken, which seems a good criterion 
for assessing the bonding contribution of an electron in a particular 
orbital. We find the overlap population to be positive, or bonding, 
in 3a, \tt and It?; approximately zero, or nonbonding, in 5a, 
negative or antibonding, in 4cr, 2n, and 2 w. Thus only six electrons 
effectively contribute to the binding of the molecule, the two 
electrons in 3 a forming a a bond, the four electrons in l7r and lir 
two tt bonds. Effectively, the influence of the unpaired electron is an 
antibonding one and the picture of the three electron vr bond seems 
somewhat fortuitous. It lets us understand the ease of formation of 
the positive ion NO+. This is also well reflected by the ionization 
potential of NO which is 9.25 eV, as compared to 12.2 eV for O a , 
15.6 eV for N 2 and 13.9 eV for GO 17 . The antibonding effect of the 
unpaired electron appears also to influence the bond length, which 
in NO+ is 1.06 A 18 , thus about 0.09 A shorter than in NO. 

Lefebvre-Brion and Moser make a detailed investigation of the 
lower electronic states of NO and NO+ at various internuclear 
distances. They also estimate by semiempirical methods the 
spin-orbit coupling constant, which gives the splitting between the 
2 II j and 2 I1| levels of the ground state, obtaining good agreement 

with experiment. However, in their first calculation they predict a 

— 

dipole moment N—O of 0.27 d, that is, too large by a factor of 
almost 2 and with a sign opposite to what one would expect from an 
electronegativity viewpoint. Unfortunately, this observable does not 
seem to have been recalculated with the wave functions obtained by 
the more recent calculation. 

Do we find characteristics of the NO molecule in the C—NO 
bond? What is the charge distribution in this bond? How does the 
N—O bond length change? Will the G—NO bond show a tendency 
to be paramagnetic ? 

We will deal with these questions in the following two sections. 

2. The physical properties of nitrosoalkanes 

The geometry of nitrosomethane does not seem to have been 
determined experimentally and must be estimated, for instance, 

* The overlap population n,- of a molecular orbital i is given by the relation n { = 
'^2N{j)c ir ^c isi S r ^ i where indices k and l designate atoms, r, s orbitals on the respective 
r*s; 

atoms, c irk and c iSl the coefficients of these atomic orbitals in the zth MO. S rjcSl is the overlap 
integral between respective atomic orbitals. The summation is carried out over all 
atomic orbitals in each atom. The expression has to be multiplied by the number of 
electrons in the molecular orbital, N(i). 
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from data on nitrosyl chloride 19 (<tClNO = 116°, r NO = 1.14A) 
and methyl nitrite 20 (<£ONO = 109.5°, r 0N = 1.37 A, r NO = 
1.22 A). McEwen 21 assumes for nitrosomethane <fCNO = 120°, 
r CN = 1.47 A, r N0 = 1.18 A as a basis for semiempirical calculations. 
An important fact is that one must assume the GNO group to be 
bent, thereby destroying all properties, such as the degeneracies 
of the 77 orbitals, arising from the cylindrical symmetry encountered 
in NO. However, as the CNO group still has a plane of symmetry, 
the classification of the molecular orbitals into cr and v orbitals is 
still justified. McEwen’s calculation on nitrosomethane takes into 
account the a orbitals, although also in a limited way, neglects 
differential overlap and may be classified as being of type a. Attention 
is focused on the three highest filled orbitals, of which two are of cr 
symmetry, designated by n and n* and one is of v symmetry. The 
lowest unfilled orbital is labeled 77*. The symmetry properties and 
general shape of these orbitals are shown very schematically in 
Figure 2. Table 2 gives atomic orbital coefficients, as calculated by 
McEwen. 

Due to the relative instability of nitrosoalkanes, most spectroscopic 
work has been carried out on perfluoronitrosoalkanes 22 . The 
electronic spectra of such nitrosoalkanes are best discussed in 
connection with those of other nitroso compounds (see Table 3.). 
They are all assumed to show a weakly allowed n*- tt * transition 
in the visible, a weakly allowed n— tt* transition in the near UV 
and a strong 77 - 77 * transition in the vacuum UV region. 

Instead of viewing the C—N—O group as a physical entity it is 
perhaps more appropriate in a wider context to divide the molecule 
into an N—O fragment and a remaining part D. It appears that the 
spectral characteristics common to these compounds change accord¬ 
ing to the electron donating properties of D. Even on a qualitative 
basis one must however distinguish between the capacity of an atom 
or substituent to donate electrons, primarily related to the ionization 
potential, and the effects of conjugation, related also to the symmetry 
and overlapping of atomic orbitals. If D both has a low ionization 
potential and shows strong effects of conjugation with NO, then 
intramolecular charge transfer transitions from D to the 77* orbital 
of NO may occur, as Nagakura and coworkers 23 have shown 
experimentally and theoretically. The stronger the electron donating 
effect of D according to these criteria, the lower is the energy of the 
charge transfer transition. 

In contrast to this redshift of the D-77* transition, it appears 
that the n*— it* (see Figure 2) transition—which in the alkane and 
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N 0 



a) 



b) 


Figure 2(a). Simplified picture of the 77 and nonbonding orbitals of the nitroso group, as 
it may be applied to nitrosoalkanes. 

( b ). Qualitative energy level diagram for the nitroso group interacting with an electron 

donor. 


n 


n 


Table 2. LCAO-coefficients in MO’s of nitrosomethane, according to McEwen 21 . 


MO AO 

0, 


O* 

N* 

N s 

G 

o z 

N z 

n 

-0.617 

-0.592 

-0.220 

0.325 

-0.307 

0.141 



77 







0.779 

0.628 

n* 

-0.755 

0.406 

0.131 

-0.227 

0.298 

-0.328 



77 * 







-0.628 

0.779 


* Oy is the 2 p v orbital of oxygen, N s the 2 s orbital of nitrogen, etc. The coordinate 
axes x, y, z are shown in Figure 2. G is a collective symbol for contributions from atomic 
orbitals of the carbon atom. Contributions from the carbon atom are relatively small 
and those from the hydrogen atoms are here neglected. 



Table 3. Spectral characteristics of nitroso compounds in the gas phase. Wavelengths of transitions in m/j, are shown with oscillator 
strengths (/-values; for definition see section III.A.l.). 1(D) is the ionization potential of the substituent D. 
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perfluoroalkane is found at very low frequency—gets simultaneously 
shifted to the blue, when the electron donating strength of D increases. 
In a qualitative way, one may say, that the D- 77 -* and the 
n*-7T* configurations compete with each other. The stronger the 
tendency is for an electron to be transferred from D to 7 r*, the more 
energy will be required to promote an electron from n* to 77 -*. A 
similar phenomenon is observed for the GO group in the series 
acetaldehyde—acetyl chloride—acetic acid—formamide 23 ~ 25 . 

As may be expected, the n*-ir* transition in the nitroso group 
shows definite sensitivity to the polarity of solvents. On going from 
the solvent cyclohexane to water there occurs a blue shift in the 
680 nijit absorption of about 350 cm -1 , i.e. to about 664 m^ 22 . In 
comparison, this is significantly smaller than the corresponding 
shift for acetone 26 , which amounts to about 2000 cm -1 . (Strictly 
speaking, we ought to make our comparison with hexafluoro- 
acetone.) This may be related to the fact that the n* electrons in 
NO have some charge density both on the N and O atom, whereas 
in the keto-group the nonbonding electrons are practically exclus¬ 
ively located on oxygen. The change in charge distribution is thus 
very much larger in the n-rr* transition of the ketone, and the 
transition energy is more sensitive to the polarization of the surround¬ 
ings. This may be part of an explanation, but probably not the 
complete one. We will continue to discuss this question in connection 
with the nitro group. It appears that perfluoronitrosoalkanes 
decompose by an excited molecule mechanism when they absorb 
visible light (n*-ir*), and by bond rupture, with probable formation 
of free NO, upon irradiation with ultraviolet radiation 22 . 

Dimeric nitrosoalkanes have been isolated 27 and occur in cis and 
trans form. While the nitroso group contains 2n electrons, the 
dimers 


O 

T 

N—GHj 


HoC—-N 

I 

O 


o o 


\ 

N=N 


/ 


/ 

H 3 cf 


\ 

CH 3 


are to be considered as 677 electron systems. The trans dimethyl 
dimer absorbs at 276 m ft in H 2 0 and 291 m/i in CC1 4 , the cis 
compound at 265 m/7 and 291 m ft respectively. This relatively 
strong band is ascribed to a tt-tt* transition, its log e-value being 
always about 4. The absence of transitions at longer wave length, 
i.e. the disappearance of the n*-ir* transition of the monomer, 
agrees with the assumed structure. 
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Calculated bond orders 28 for the N—N and N—O bonds have 
been compared to crystallographically determined values for the 
bond lengths, which are, for cis [GH 3 NO] 2 r NN = 1.31 1, r N0 = 
1.31 a 29 , for trans [CH 3 NO] 2 r NN = 1.22 A, r N0 = 1.25 a 30 and for 
trans [(CH 3 ) 2 CHCH 2 NO] 2 r NN = 1,27 1, r N0 = 1.30 l 31 . In the 
trans compound the N—N bond appears in general to be shorter. 

The bond dipole moment for the N—O bond has been deduced 
to be about 2.0 d 32 . McEwen’s molecular orbitals are not well 
suited to assess the dipole moment of nitrosomethane theoretically, 
as only part of the a electrons are taken into account. An estimate 

of the contribution of the rr electrons to the dipole moment gives 

+ — 

between 1.2 d and 1.6 d in the sense NO, depending on which set of 
molecular n orbitals are used (reference 21 or reference 23). 

B. Nitroxides and N-Oxides 

I. Electronic and magnetic properties of nitroxide radicals 

The paramagnetism of NO, which is dormant in the nitroso 
group, comes out very strikingly in nitroxides. Two types of nitroxide 
radicals are known and have been investigated, some that are 
derivable from amines, according to the general scheme 

\ \ \ 

NH-> N—OH-> N—O 

/ / / 

and others derivable from oximes 

OH O 

\ / \ A 

C=N -> C=N 

/ / 

As the electronic structure of these two types is quite different, we 
will treat them separately. 

a. Nitroxides from amines. Diphenylnitricoxide was first prepared 
in 19 1 4 33 ; some of its properties will be discussed in section III.C. 
Nitroxides derivable from aliphatic amines have also been known 
for a few years 34 ^ 42 , some of which are very stable. Until recently 
it was generally assumed that for an organic free radical to be stable 
its unpaired electron had to be highly delocalized, as is, for instance, 
the unpaired ir electron in pentaphenylcyclopentadienyl. However, 
in stable aliphatic nitroxides the unpaired electron density is largely 
‘trapped’ on the NO group, and is to a great extent prevented 
from spreading out over other parts of the molecule. According to 
Linnett 43 , the stability of these compounds towards dimerization (as 
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opposed to nitroso compounds!) is due to the fact that upon dimer¬ 
ization there is no net gain in the number of bonds formed (i.e. 
in the number of electrons participating in bonding). It should be 
for the same reason that the free molecule NO does not form the 
compound N 2 O a . Unquestionably the methyl groups in a position 
to the nitroxy group also play a role in stabilizing the compounds 



Figure 3. Stable nitroxide radicals, the properties of which are summarized in Table 4. 
The three biradicals shown represent the three cases of strong, intermediate and weak 

electron exchange. 

shown in Figure 3. It is to be noted that the nitroxide radical derived 
from piperidine, for instance, is quite unstable 42 . 

The nitroxy group is isoelectronic with the ketyl group. It may be 

+ — 

written either as >N—O or >N—O. The first structure is appar¬ 
ently favored over the second one 42 . From the LCAO-MO point of 
view one may assume that it can be described by a similar set of 
molecular orbitals as a keto group, namely, a bonding orbital n, 
an antibonding orbital it* and a nonbonding orbital n (mainly the 2 p y 
orbital of the oxygen atom). The nitrogen atom appears to be 
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hybridized in a similar way as in the nitro group, or in pyrrole, 
and contributes two rr electrons to the system, whereas only one 
7 T electron comes from oxygen, as in a ketone, and the nonbonding 
oxygen orbital contains two electrons. The unpaired electron is 
assumed to be located in the tt* orbital. This situation is visualized 
in Figure 4. From the point of view of the tt electrons the N atom 
behaves as if it were more electronegative than the O atom. Such an 


4 - 

N 

\ 

A—» 


-H- 17 


a) b) 

Figure 4(a). Simplified picture of the tt orbitals and the nonbonding orbital of the N—O 
group in nitroxides derived from amines. 

(i b ). Corresponding energy-level diagram. 

electronic structure also agrees with the finding that these stable 
nitroxides are not basic. 

The electronic structure and physical properties of a series of 
stable aliphatic nitroxide radicals were initially investigated mainly 
by American 34 ' 36 , Russian 41 and French 38,42 ' 44 research teams. As 
all radicals, they may be studied by electron spin resonance 45 . 
Of great interest is the hyperfine splitting due to the N 14 nuclear 
spin (see Figure 5), which has a value of 1. It can therefore couple 
in three different ways with the electron spin, corresponding to the 
values +1, 0, —1, splitting the ESR transition in a strong magnetic 
held into three separate lines of equal intensity. Each line in this 
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Figure 5. I. ESR hyperfine splitting pattern due to the interaction of an unpaired 
electron with a spin-1-nucleus (N 14 ). 

II. ESR hyperfine splitting pattern due to the interaction with two equivalent spin-I- 
nuclei. In the case of a biradical with strong electron exchange the separation of the lines 
is reduced to a^/2 (see reference 49). 

triplet may be further split by the weaker interaction with the spin 
ofof the C 13 atom of an adjacent methyl group 38,46 , and the even 
weaker splittings due to protons may also be observed in some 
cases 35,42 . In an actual spectrum one furthermore may encounter a 
weak doublet, separated by about 21 Gauss, arising from molecules 
containing N 1S (spin of |) in natural abundance (0.36 %) 42 . 

Values for the N 14 splitting constants a N for compounds 1-12 
(Figures 3 and 5) are shown in Table 4, as well as values for aP. 
From the theoretical interpretation of these values one ought to be 
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Table 4. ESR and UV spectral properties of some stable nitroxides. The data are from 
the following references: Compounds 1-10, references, 36, 42, and 44; Gpd. 11, reference 

34; Gpd. 12, reference 35. 

(i) Note the increase of a N for decreasing polarity of the substituent at position 4 in the 
six-rings, at position 3 in the five-rings, (ii) Note that aP is in general larger in the five- 
rings. A geometrical discussion of this fact may be found in reference 42. (iii) Note the 
blue shift of the ti-tt* transition in going from nonpolar to polar solvents. 


Compound 
(see Figure 3) 


a ° 

JT-7T*' 

A (mp) e 

n-Tr* 6 

A ( [m/i ) e 

n— n-* c 

A (mp) e 

1 

15.1 ± 0.1“ 

5.6 ± 0.2“ 

240 

2610 

450 

5 

425 

5 

2 

15.4 

5.5 

240 

2960 

445 

8 <i 

435 

8 

3 

15.9 


240 

2012 

472 

10 

442 

11 

4 

15.9 


240- 

5400 

445 

8 

420 

7 




242 






5 

16.0 


239 

1720 

470 

10 

445 

11 

6 

16.2 


242- 

1870 

470 

10 

450 

10 




247 






7 

14.9 

6.4 

206 

19500 

445 

5 

no absorption 




280 

1280 



in visible 

8 

15.1 

6.8 

237 

2800 

430 

gel 

420 

7 

9 

15.2 

6.8 

233.5 

2600 

435 

7 

410 

7 

10 

15.3 

6.8 

233 

2500 

435 

5 

410 

6 

11 Di-t-butyl- 

15.75' 








nitroxide 









12 Di-n-hexvl- 

' 16.4® 

a H (GH 8 ) = 







nitroxide 


11.0 








° Diethylene glycol. c Methanol. e Acetonitrile. 

6 Cyclohexane, hexane or heptane. d Chloroform. Benzene. 


able to make deductions about the electronic and overall structure 
of the molecule. 

The hyperfine structure of ESR lines in solution is due to the 
Fermi contact interaction, which implies that there must be a finite 
unpaired electron density at the atomic nucleus in question. If, 
as we assume, the unpaired electron is in a tt orbital, which has a 
node at the JV-nucleus, the unpaired electron density at that nucleus 
vanishes, and one might expect the hyperfine coupling to be zero. 
As is well known, this is in general not the case. As long as we 
represent the ground state of the molecule by a single Slater deter¬ 
minant with all orbitals doubly occupied except the single-electron 
orbital, we must distinguish between the actual density of the 
unpaired electron p (given by (p*<p; <p being the orbital of the 
unpaired electron) on one hand, and the unpaired spin density on 
the other. The hyperfine interaction is of course determined by the 
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latter, McConnell and Chesnut 47 have shown how a lone electron 
in a it orbital may by an indirect coupling mechanism induce some 
unpaired spin density in a b or orbital centered at a given 
nucleus, thereby leading to a contact interaction with that nuclear 
spin. This effect will, however, always be relatively small. Neverthe¬ 
less, a simple relationship may often be found, relating the n density 
p g ” of the unpaired electron on a given atom q with the hyperfine 
coupling constant (see also section III.B.2). Semiempirical calcula¬ 
tions of type a (see section I.B) have been carried out on the system 48 
C 

>N—O, by which values for p u n were obtained. 

Assuming the simple relation 

« N = (1) 

where Q N is a constant of proportionality, and taking an average 
value for of 16.2 gauss, is found to be 59.3 gauss 48 . This value 
agrees reasonably well with similar findings for the nitromethane 
anion, where the unpaired electron also is located in a n orbital, as 
we shall see in section II.C.2. 

It is also possible to form stable nitroxide diradicals 49 ' 60 . This 
gives the means of estimating the extent of delocalization of the 
unpaired electrons. If the orbitals of the two unpaired electrons 
overlap, the electrons will interact, leading to a singlet state and a 
triplet state (direct dipole-dipole coupling may be assumed to be 
averaged out in liquid phase). The stronger the interaction between 
the two electrons, J, the more will the singlet state and the triplet 
state be split apart. We can now distinguish between two extreme 
cases, (a) If the interaction between the spin of a single electron and 
the N nucleus of the nitroxide group to which it belongs is much 
larger than the interaction between the two electrons, J « a N , 
then each electron will only ‘see its own 3 N nucleus and the ESR 
spectrum will be that of two independent radicals, showing, as 
before in the case of N 14 , a triplet, (b) If, on the other hand, the 
coupling between the two unpaired electrons is significantly larger 
than the electron spin-nuclear spin coupling, J » then the 
unpaired electrons will ‘see’ both N nuclei and in the ESR spectrum 
a quintet will appear, with intensity ratio 1:2:3:2:1 and split by an 
interval of « N /2. A quintet is the splitting pattern expected from two 
equivalent nuclear spins of 1. As is very small (of the order of 
10~ 3 to 10~ 2 cnw 1 ), the situation (b) is already attained when the 
coupling between the two radical fragments is still imperceptible in 
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UV spectra 60 . Nitroxide diradicals enable one to study case (a), 
case ( b ) and various intermediate cases 61 . This is interesting, 
because due to the biradical paradox 62 case ( a ) appeared predomi¬ 
nantly in many diradicals investigated previously 63 ” 66 , in which the 
unpaired electrons are nonetheless highly delocalized, and in which 
MO-theory predicted J to be much larger than a N . 


N 0 



Figure 6. The density of the unpaired electron in the formaldiminoxy radical, as deduced 
theoretically in reference 48. 

In the near ultraviolet spectrum 42,44 all compounds (except 7) 
show a band at about 240 npa (s sy 3000), in all likelihood attribu¬ 
table to an allowed 77 - 11 * transition. In the visible there appears an 
absorption at about 450 npu (e «y 5), which may well be assigned 
to an n-TT* transition. Confirmation of this latter assignment may 
be found in the blue shift occurring in polar solvents, of the order of 
1300 cm -1 , upon going from hexane to methanol. The similarity of 
the electronic structure of the nitroxy group with that of the keto 
group must be investigated further. In optically active, stable nitrox- 
ides of the type discussed here, one expects to find Cotton-effects at 
240 m fx and 450 m fx. Such an optically active radical has indeed 
been synthesized 66 . The dependence of the relative sign and intensity 
of the 450 m^ Cotton effect on the position of asymmetric substituents 
should obey similar sector rules as the 300 m/z Cotton-effect in 
ketones 67 ” 69 . 

b. Nitroxides from oximes. Aliphatic iminoxy free radicals are less 
stable and have hitherto only been observed as transient species 60,61 . 
The salient fact about these radicals is that a N is of the order of 30 
gauss, thus twice as large as in aminoxides. This lends credence to 
the assumption that the unpaired electron is not located in a 77 
orbital, but rather in. an orbital of a symmetry. As Berthier and 
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coworkers 48 show, the nitrogen splitting constant is now made up of 
two parts: 

= 2t N /> N 2s + Q s px 2v (2) 

A N is the constant for direct isotropic coupling between electron 
spin and nuclear spin and is taken to be 550 gauss 62 . the constant 
of proportionality for indirect coupling, has already been discussed 
and a value of 59.3 gauss is deduced. p N 2s represents the population 
of unpaired electron in the 2s orbital of nitrogen, p N 2r ' the population 
in those 2 p orbitals of nitrogen which do not belong to the 7r-system, 
namely N^, and N,,*. Type-tz calculations on the fragment N—'Ogive 

/ 

C 

the results shown in Table 5. One then deduces a N = 31.1 gauss, in 

Table 5. Unpaired electron pop¬ 
ulations at the nitrogen atom in the 
fragment C=N—O, as calculated 
by Berthier and coworkers 48 . 


/>n 2s 


p n 23 > 

0.015 

0.064 

0.322 


good agreement with experimental results. Though it is located in a 
a orbital, Berthier and coworkers 48 find that most of the unpaired 
electron density nonetheless is still to be found on the N—O group. 

2. The dative bond in trimethylamine N-oxide 

C 

We have seen that the q>N—O group, as encountered in nitrox- 
ides derived from amines, is paramagnetic and that it is not basic or 

' C + - 

only weakly so. On the other hand, N -oxides of the type C -> O 
- G 

are diamagnetic, show a high degree of polarity and exhibit a strong 
tendency to form complexes with electron acceptors 63,64 . The semi- 
polar bond N —> O is customarily thought of as being formed by 
two a electrons, which originally belong to the nitrogen atom, and 

* Our coordinate system is taken to coincide with Figure 6 and is not the one adopted 
in reference 48. 
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with which the oxygen atom seeks to fill its octet. The molecule 

H- •, 

(CH 3 ) 3 NO shows a dipole moment of 5.02 d 66 . The length of the 

N 0 bond has been determined £S 1.388 ±0.0111 (values 

+ — 

uncorrected for lib ration) 68 . The length of the N -v O bond 

+ — 

appears to increase upon complex formation. In (CH 3 ) 3 NO-HCl 
it grows to 1.425 a 67 - 68 . 

The ultraviolet absorption spectrum of-t rime thy] amine iV-oxide 69 
in acetonitrile solvent shows a band at about 198 rn.fr, (e 2350). 
In ethyl alcohol and in water this band gets strongly shifted to the 
blue and decreases in intensity. Based on this fact and on intensity 
calculations, Kubota and coworkers 89 interpret this absorption as a 
degenerate n-o* transition, corresponding to the excitation of a 
lone pair electron on the oxygen atom to the u* molecular orbital 
of the N—O bond. This orbital is taken as the antibonding linear 
combination of an sp 3 hybrid orbital on the nitrogen atom and the 
2 p B orbital of oxygen. The nonbonding orbital n is assumed to 
consist of either one of the almost degenerate 2p n orbitals of oxygen. 
The symmetry of these orbitals tells us immediately that the electric 
dipole transition must be polarized perpendicular to the bond axis. 

C. Nitrogen Dioxide and Nitroalkanes 

I. The electronic structure of N0 2 

a. General discussion. The position of the unpaired electron. Nitrogen 
dioxide is best treated theoretically in connection with its positive 
and negative ions. Data on the geometry of these molecules may be 
found in Table 6. 


Table 6. 

Bond lengths and angles 
dioxide and its ions. 

in nitrogen 


NO + a 

NOf 

NO z ~° 

r NoW 

1.153 

1.1934 

1.236 

<£ ONO 

180° 

134.07° 

115.4° 


° Reference 72. 9 Reference 71. c Reference 70. 


Walsh has investigated in a general way the molecular orbitals, 
shapes, and spectra of different types of smaller molecules and in 
particular also of the type AB 2 73 . On symmetry grounds and by 



24 


Georges H. Wagniere 


semiquantitative arguments concerning the energy he has plotted a 
diagram correlating the orbitals of triatomic molecules of this kind 
as a function of the angle <£BAB, going from 90° to 180°. This 
implies a change from symmetry C 2 „ to symmetry D xh and enables 
him to make the following predictions concerning the geometry: 
‘Molecules with no more than 16 valence electrons are linear in their 
ground states; molecules with 17, 18, 19 or 20 valence electrons 
are bent in their ground states, the apex angle decreasing markedly 



Figure 7. Cartesian coordinates, as adopted for the description of N0 2 + and NO a . 


from 16- to 17- and from 17- to 18-electron molecules • • •’ These 
predictions are well confirmed experimentally in the case of N0 2 . 
General investigations of this kind have also been carried out by 
Mulliken 74, 76 . 

Recently a number of semiempirical calculations on N0 2 have 
appeared in the literature, using different methods of approach: 
McEwen’s 76 calculation is of type a (see section I.B.), although the a 
electrons are taken into account only in a limited way. Fukui and 
coworkers 77 apply the extended Huckel treatment (type c) to N0 2 
and its ions. Different authors have investigated the relative role 7 8 ^ 84 
played by n and a electrons in the formation of the dimer N 2 0 4 . The 
method of ‘nonpaired spatial orbitals’, applied to the tt electrons 
of-N0 2 +, N0 2 and N0 2 , has been compared to valence bond and 
molecular orbital calculations 85 . Unfortunately, ab initio calculations 
on N0 2 may not as yet be found in the literature. There exists a 
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calculation of this type by dementi and McLean 86 on the iso- 
electronic ions N0 2 + and N-f, both of which are linear and 

symmetrical. 

It appears to be very important to consider both the a and the 7 r 
electrons to gain a deeper understanding of the electronic structure 
of N0 2 . For this reason we compare in somewhat more detail the 
molecular orbitals for NO a obtained by McEwen and by Fukui. 

In both calculations molecular orbitals are written as linear 
combinations of the 2s, 2p x , 2\p y and 2p z atomic orbitals of the nitrogen 
and the oxygen atoms. In both calculations molecular orbitals for 
the lower, electrons are not given explicitly. The three lowest 
molecular orbitals are of course built mainly from the lj functions 
of oxygen and nitrogen and contain the six inner shell electrons. 
Then follow the orbitals of the actual valence electrons, of which 
the three lower ones are not shown here either. They correspond 
to the orbitals designated by s u s 2 and a f) .a/ in Walsh’s notation 73 . 

The correlations of the next seven orbitals, as calculated by 
Fukui and coworkers, for bent N0 2 and linear N0 2 + are represented 
in Figure 8. The lowest empty orbitals of N0 2 +, labelled tt*, of 
symmetry e lu , split into a 7r orbital of symmetry b x and a a orbital 
of symmetry a x in the bent molecule. The latter a x orbital is very 
sensitive to the bond angle <cONO and gets drastically pushed down 
as the angle decreases. N0 2 “ is stabilized by making the angle even 
smaller. It is this a orbital which apparently contains the unpaired 
electron in NO a , but contains an electron-pair in N0 2 ~. We then 
also conclude that there are 47 t electrons in N0 2 , two of which must 
come from the nitrogen atom, which accordingly is in the same 
.valence state as, for instance, in pyrrole. 

There is agreement between Fukui’s and McEwen’s results 
concerning the orbital of the unpaired electron. However, the 
energetic sequence of some orbitals is somewhat different. This is due 
to significant differences in the method of calculation. 

On the question of whether the unpaired electron in NO a is 
located in a a or a tt orbital some divergent views are also found in 
the literature 81,85 . 

b. Electron interaction and ionization potentials f. Fukui uses the 
extended Hiickel method 8 and seeks the solutions of the secular 


determinant 


det | H ar - eS gr \ = 0, 


( 2 ) 


where the diagonal elements of the effective Hamiltonian H, are 


■f The less theoretically inclined reader may skip the major part of this subsection. 
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Figure 8. The correlation of the orbitals of NO a + and NO a as calculated in reference 77. 

taken as the first ionization potentials of the atoms in the respective 
valence states 87,88 : H(2s, N) = —27.5 eV, H(2p, N) = —14.5 eV, 
H(2s, 0) = -35.3 eV, H(2p, 0 ) = -17.8 eV and off-diagonal ele¬ 
ments are calculated from the formula H ar = 0.5 K{H m + H rr )S ar , 
where K is an adjustable parameter, taken to be 1.75. H m and H„ 
are the diagonal elements of orbitals q and r and S, ir the overlap 
integral between these orbitals. Electron interaction is not taken into 
account explicitly in these calculations. 
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Figure 9. Simplified picture of the -rt and nonbinding orbitals of the nitro group, as it may be applied to nitro- 
methane. The relative energy of the nonbonding orbitals is the one deduced by McEwen 76 . The detailed numerical 
form of these orbitals is given in Table 10. McEwen’s calculations show the antisymmetric nonbonding orbital 

to lie below the symmetric one by 0.04 eV. 
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On the other hand, McEwen is interested in the solutions of the 
SGF secular determinant of the type: 

det | F„ — e-SJ = 0. (3) 

The Fock operator F consists of three terms* : 

F = h+2J-K; (4) 

h represents the kinetic energy of an electron and its electrostatic 
interaction with the atomic cores. J contains the electrostatic 
repulsions with the other electrons and K the exchange interactions. 
Written in this way the SGF equation may only be applied to closed- 
shell systems, i.e. systems containing an equal number of electrons 
with spin a. and spin /?, distributed pairwise in the orbitals of lowest e 
value. These equations imply that electrons with spin a and electrons 
with spin /3 may be treated in an equivalent way. While the electron 
repulsion terms (Coulomb terms) are spin-independent, the exchange 
terms are not. Now NO a is not a closed shell system, but a radical. 
The number of spin-a electrons is not equal to the number of spin-/? 
electrons and the exchange effects on an electron will be different 
according to its spin-state. To take this into account, one will end 
up by having two distinct sets of equations, one set for the a-electrons, 
another set for /3-electrons, leading to different orbitals for electrons 
of different spin 88 . However, if this is carried out rigorously the 
ground state of the molecule may no longer be written as a single 
Slater determinant, as such a single determinant does not correspond 
to a definite spin-value for the molecule as a whole. This complicates 
the problem significantly, and one must then use particular open- 
shell SGF procedures, the details of which may be found in the 
literature 80 ^ 84 . 

According to McEwen’s calculations it appears that differences 
between orbitals occupied by spin-oc electrons and orbitals occupied 
by spin-/? electrons are small in the case of the n and the bonding a 
orbitals. Only for the nonbonding a orbital of symmetry b 2 does the 
energy-difference become more important—depending on the 
presence or absence of exchange effects with the unpaired electron 
(see Table 7)—but the spatial part of the orbital remains little 
affected. To a good approximation the ground state may still be 
expressed as a single Slater determinant of doubly occupied spatial 
orbitals, plus one impaired electron. 

* J stands for ^ ^ for 2 K t , where J i and are Coulomb and exchange operators 

i i 

associated with the molecular orbital <p it as defined in reference 5. The summation is 
carried over the (doubly) occupied orbitals. 



Table 7a. LCAO-coefficients for MO’s of NO a as given by Fukui and cowor-kers, reference 77. 
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The orbitals have been transformed to the coordinate system adopted by Fukui and coworkers 77 (see Figure 7). 
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This being the case, the energy-eigenvalue of the highest occupied 
molecular orbital is still assumed to give an acceptable approxima¬ 
tion to the first ionization potential. Now, a question arises however: 
does this first ionization potential correspond to the subtraction of 
the unpaired electron from the orbital a,*—which one would 
expect on intuitive grounds—or of the electron with /3-spin from the 
orbital b 2 , leaving behind two unpaired electrons of spin a, namely, 
an ion in a triplet state? This question can only be answered by 
invoking configuration interaction. The first calculated ionization 
potential is found to be 13.21 eV and leads to a state which may be 
represented as a superposition of two configurations. The dominant 
configuration corresponds to a subtraction of the unpaired electron 
from «i*; but there is also a significant contribution from a singlet 
configuration in which the i 2 -orbital is empty and the fl,*-orbital 
doubly filled, corresponding to a subtraction of one ^-electron and 
subsequent pairing of two electrons in *. 

At the level of approximation adopted by Fukui and coworkers the 
first ionization potential is simply given by minus the energy of — 13.19 
eV of the orbital occupied by the unpaired electron. In view of the 
great difference of approach the agreement with McEwen’s result 
is perhaps somewhat fortuitous. Furthermore, the correlation with 
experimental data is not unambiguous. The observed ionization 
potentials of nitrogen dioxide are the following: (a) 9.9 eV, estimated 
by Kandel 95 , (b) a value >11.7 eV, assessed by a photo-ionization 
technique 96 , (c) 12.3 eV, from a Rydberg series 97 , and (d) 13,98 eV, 
detected by electron impact 98 . It is the first vertical ionization energy 
which has to be compared to the theoretical value given above. 
McEwen assumes the value -—'11.7 eV to be closest to such a situa¬ 
tion. Consequently, the calculated ionization potential appears to 
be too high. 

The electronic spectrum of N0 2 consists of extensive absorptions in 
the visible, between 910 m/r (find 320 in//,, in the near ultraviolet, 
mainly between 260 mju and 200 m/t, and in the vacuum ultraviolet, 
between 160 m// and 135 m/x 77 . The transitions in the visible 
probably mainly correspond to low-energy single excitations to or 
from the lone-electron orbital a r *. These long-wavelength bands 
disappear in nitro compounds. Detailed assignments of the N0 2 
spectrum remains tentative however and open to discussion 76, 77 . 

The density of the unpaired electron at the nitrogen nucleus 
may be estimated from the isotropic hyperfine splitting in the ESR 
spectrum. For NO a in CC1 4 solution a® has been measured to be 
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108 gauss ,J9 . Assuming for simplicity this splitting to be entirely due 
to direct coupling 

a N = • p N 2s , and talcing A N = 550 gauss (5) 

(as in section II.B.l.b), leads to an unpaired electron density in the 
N, (nitrogen 2s) orbital p s 2s of 0.196. (G. R. Bird and coworkers 99 
deduce /> N 2s = 0.18). An MO calculation by Green and Linnett 84 
leads to p N 2s = 0.168. 

Measurements of the ESR spectrum in solid phases all lead to a 
smaller value for the isotropic hyperfine coupling constant, of 
between 50 and 60 gauss 100 . This appears to agree better with the 
value of p s 2s of about 0.10, as obtained by McEwen. This latter 
result is also in agreement with the value for p s 2s deduced from the 
hyperfine structure of the rotational spectrum 71,101 . 

Measurement of the dipole moment of N 15 O a 16 by the microwave 
Stark effect yields a value of 0.29 d 102 . 

2. The electronic properties of nitroalkanes 

Electron diffraction studies on nitromethane were already 
carried out in 1935 103 . Further measurements 104 were performed on 
CE a N0 2 and CBr 3 N0 2 , the results being shown in Table 9. Nitro¬ 
methane has a sixfold barrier to internal rotation V 6 , which however 
is extremely low 105,106 . Thus, the molecule may be considered to 
have an effective symmetry of C 2v , as the molecule NO a . Values for 
the dipole moment )l c have been obtained from the microwave 
Stark effect 105,100 . 


Table 9. Structural data on nitromethane and related compounds 



'cnW 

f NoB) 

<£ONO 

V B (cal/mole) 


CHgNOg 

1.46“ 

1.21“ 

127°“ 

6.03 ± 0.03° 

3.46 ± 0.02 c 

cf 3 no 2 

1.56 9 

1.21 9 

132°° 

74.4 ± 5 d 

1.44 ± 0.03 d 

CBr 3 N0 2 

1.59 6 

1.22 9 

134° 9 




a Reference 103, b reference 104, c reference 105, d reference 106. 


The electronic structure of nitromethane has been studied by 
McEwen 76 and by Tanaka 107 . McEwen’s results are shown in 
Table 10. These calculations are of the same order of approximation 
as the ones discussed for NO a (see Table 7). Only the three 77- 
orbitals and the two nonbonding a orbitals of symmetry b 2 and a x 
are determined explicitly. 

It is striking that the two nonbonding molecular orbitals appear 
to be nearly degenerate and that they consist almost exclusively of 



Table 10. LCAO-coefficients for v and nonb/4iding er MO’s of nitromethane according to McEwen 76 
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oxygen 2 \p x and 2 p y functions. The a x molecular orbital contains a 
small contribution of atomic 2s and 2 p x functions of carbon, collec¬ 
tively designated by C. The coefficients for the atomic orbitals of 
nitrogen appear, surprisingly, to be negligible. From the orbital 
energies one would expect the ionization potential for GH 3 N0 2 to 
be 15.51 eV, corresponding to the subtraction of an electron from the 
7 ra 2 orbital. Experimentally one finds 11.34eV 95 . The absolute 
value of the orbital energies is thus to be considered with caution. 
On the other hand, the transition energies of the electronic spectrum 
may be calculated to a first approximation from the relative differ¬ 
ences of the SGF molecular orbital energies and from electron 
interaction terms 5 . For a singlet-singlet transition in which 'an 
electron is excited from an occupied orbital i to an empty orbital a 
the energy is given by the relation: 

A E ia = £«-£,- J ia + 2 K ia (6) 

where the Coulomb integral is expressed as y 

Jia = f^*(l)?»«*(2) (Pi{l)(Pa{2) dr 

J r 12 

and the exchange integral 

** = fft*(l)?.*(2) f ^(2)^(1) dr. 

J '12 

The electronic spectrum of nitromethane is much simpler than 
that of NO a . The complicated band system in the visible is absent, 
and the near-UV spectrum permits assignments with reasonable 
certainty. A weak band at 270 m : u has been extensively studied by 
several authors 108-113 and appears to arise from an 72 - 77 * transition. 
More recently, Nagakura 11 ' 1 has confirmed the existence of a band 
at 198 m/j, in the gaseous state, with a maximum extinction coefficient 
of about 5000, which he attributes to a 77-77* transition 115 . This 
coincides quite well with McEwen’s predictions, as shown in Table 
11 . 

The blue shift of the 72-77* band of nitroparaffins in polar solvents 
is relatively small 112 . Going from solvents hexane to methanol, this 
blue shift in nitromethane is only of the order of 450 cm -1 and 
consequently comparable to the one observed in nitrosoalkanes. 

If electron donating groups are attached directly to the N0 2 - 
group, the 22 - 77 * transition gets shifted only insignificantly, in contrast 
to the huge shifts observed in corresponding nitroso compounds 116,117 . 
This is probably due to the fact that in nitroso compounds the 
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Table 11. Observed and calculated electronic transitions 
in nitromethane 


Transition 

A(m ju) a 
calc. 

f calc. a 

obs. 

/ obs. 6 

7T~7T* 

214 

0.33 

198 

—0.15 

n-iT* 

272 

0.0001 

270 

0.0004 

n*-7T* 

281 





0 Reference 76, 6 reference 113—115. 


nonbonding orbital contains both contributions from the oxygen 
and the nitrogen atomic functions, whereas in nitro compounds the 
corresponding nonbonding electrons are almost exclusively located 
on the oxygens. 

Of particular interest are the pseudo-acid properties of aliphatic 
nitro compounds in basic medium: 

RH 2 C—no 2 ^± [RHG=N0 2 ]- + H+ 

and the concomitant changes in spectral behavior 114 . By gradually 
changing the pH of an aqueous solution from 7 to 12, that is, by 
going from pure water to 0.01 JVNaOH or KOH, the 270 
band becomes blurred, and a strong band gradually appears at 
233 m fx, which may with good certainty be ascribed to the anionic 
form. From the change of the absorption curves with increasing pH 
value the acid dissociation constant (pA a ) was determined as 10.1 
at 25°, in reasonable agreement with the value measured electro- 
metrically, 10.21 at 25° 114 . 

Nitramide, which is isoelectronic with the nitromethane anion, 
exhibits a band at 225 m,u in water, which has been ascribed 
to an intramolecular charge-transfer transition from the NH 2 
group to the N0 2 group 118 . Probably the 233 m jj, band of the 
nitromethane anion may be interpreted similarly. A second possible 
assignment is that this band is a shifted 198 m^ absorption of the 
nitro group. This, however, is more unlikely, for the general effect 
of an electron donating substituent attached to a nitro group is to 
shift the nitro tt—tt* transition to the blue. Nagakura 114 has also 
investigated the coupling between the two subsystems GH 2 - and 
N0 2 theoretically, by considering the interaction of four configura¬ 
tions: a ground configuration G, a charge transfer configuration CT 
and two locally excited configurations LE and LE' (see Figure 10). 
From this calculation the first electronically allowed transition is 
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group interacting with an electron donor (D). 
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predicted to occur at 208 m p, and to be predominantly of the charge- 
transfer type, while the next transition occurs only at 136 m/i and 
consists mainly of local excitation within the N0 2 group. Quali¬ 
tatively this sequence supports the hypothesis that the 233 m/« 
absorption in the aci-form of nitromethane is the charge transfer 
band, and that the original 198 m/i absorption has been -shifted 
drastically to the blue. However, only an extension of spectral 
measurements to shorter wavelengths can settle this question 
unambiguously. 

Nitropropene shows an absorption at 229 m/i with a value for e max 
of 8700 in n-hexane. This band may also be assumed to contain a 
definite charge transfer contribution. 118 

The optical rotatory dispersion of a series of aliphatic nitro 
compounds has recently been studied, in particular of some nitro 
steroids 119,120 . In general, a strong Cotton effect is encountered in 
the 270-290 m/i region which may well be attributed to the n- tt* 
transition, at least in cases where the nitro group is unconjugated 
with any double bond. Of special interest is the appearance, even in 
some saturated or unconjugated nitro steroids, of a weak band 
around 350 m/i, which must be associated with the nitro group. 
Such a band has hitherto not been reported for nitroalkanes. Its 
interpretation might be rather difficult. 

The apparent lifetime of radical anions of aliphatic nitro com¬ 
pounds is of the order of 0.5 sec in aqueous solution at room 
temperature. These radicals are thus considerably less stable than 
their aromatic counterparts, but in general of sufficient stability to 
take well-resolved ESR spectra and to permit definite assignments 121 . 
Unfortunately nitromethane appears to be an exception, as no clear 
spectrum seems to have been obtained of this compound. In general, 
the strongest hyperfine splitting arises from the isotropic interaction 
of the unpaired electron spin with the N 14 nuclear spin. Further 
couplings are due to protons close to the nitro group. In compounds 
of the type R—CH 2 —N0 2 the strong N 14 triplet is thus split by the 
two equivalent protons at the C-atom adjacent to the nitro group 
into a further triplet. For instance, in GH 3 CH 2 N0 2 one finds 
= 25.5 gauss and a H (CH 2 ) = 9.75 gauss 121 . One may assume 
that the unpaired electron goes into the nbi* orbital (see Table 10) 
of the nitro group, although—in comparison with nitroxides— 0 s 
seems a bit large for an electron in a practically pure tt orbital. 
But this assumption is supported by evidence from nitrobenzene 
anion radicals, as we shall see in section III.B.2. However, it is of 
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interest, that there exists a relatively large solvent effect on the N 14 
coupling constant for aromatic nitro compounds, whereas it is 
absent in the spectra of aliphatic compounds. The anion radical 
[R—CH 2 —NOo]' must of course not be mistaken for the anion of 
the aci-form [R—CH=N0 2 ] - which does not contain any un¬ 
paired electron. 

Table 12. Proton chemical shifts in nitroalkanes 

ch 4 gh 3 no 2 gh 2 (no 2 ) 2 ch(no 2 >3 

t p.p.m. a 9.767 5.72 3.90 2.48 

gh 3 no 2 ch 3 ch 2 no 2 CH 3 (CH 2 ) 2 N0 2 CH 3 (GH 2 ) 3 N0 2 

t(CH 3 ) p.p.m. 6 5.72 8.52 8.97 9.00 

0 Reference 122, 6 reference 123. 

In the proton magnetic resonance spectra of nitroalkanes the 
local diamagnetic deshielding by the inductive effect of the nitro 
group is clearly exhibited 122 ' 123 . Table 12 shows the cumulative 
influence of nitro groups bonded to one carbon atom and the long- 
range effect of one nitro group along a hydrocarbon chain. The 
anisotropic shielding effects of the nitro group on adjacent pro¬ 
tons have also been studied and may be interpreted similarly to 
comparable effects in the carbonyl group, for instance 124 (see 
Figure 11). 



Figure 11. Qualitative description of the anisotropic NMR shielding effect of the nitro 
group, as discussed in reference 124. 


3. On the structure of nitroethylene 

The spectroscopic properties of nitroethylene have recently been 
investigated by Gunthard and coworkers 12512 °. Microwave studies 
show that nitroethylene has a planar molecular structure. From the 
Stark effect the dipole moment has been measured to 3.70 ± 0.03 d. 
The G—N bond length is found to be 1.470 a, the N—O bond length 
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1.218 a. From infrared measurements the barrier to internal rotation 
of the nitrogroup has been calculated to be 6510 ± 280 cal/mole. 

The near-ultraviolet spectrum of nitroethylene 126 shows bands at 
205 r rifj, (e & 11,000), 240 m,« (e <=« 2300) and 305 m p, (e 50). 
The first-mentioned band is interpreted as a transition predominantly 
localized within the nitro group and consequently related to the 
198 m^ absorption in nitromethane. The second band may be 
considered as a charge transfer transition from the ethylenic double 
bond to the nitro group 128 . Finally, the 305 m fi absorption has in 
all likelihood ii-tt* character. The spectra of 1-nitro-1-propene and 
2-nitro-l-propene strongly resemble the one recorded for nitro¬ 
ethylene. On the other hand, in 3-nitro-1-propene steric inhibition 
to resonance between the nitro group and the ethylenic double 
bond occurs. In the near UV region the spectrum rather resembles 
that of nitromethane. 


III. AROMATIC C-NO AND C-NO z COMPOUNDS 

A. Ground and Excited State Properties of Nitrobenzene, 
Nitrosobenzene, and Their Derivatives 

I. The electronic structure of nitrobenzene 

X-ray measurements show the nitrobenzene molecule to be 
completely planar. Resonance theory 127 pictures nitrobenzene as a 
superposition of four Kekule structures: 



and of three ionic structures: 



+ 

Assuming a significant influence of these ionic structures, one 
predicts that the N—O bond should be longer than in nitroalkanes, 
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the G—-N bond shorter; the G—C bonds in the benzene ring should 
be unequal in length, the 1—2 bond being longest, the 2—3 bond 
shortest. These geometric predictions are however not substantiated 
by crystallographic data 128 (see Figure 12). The G—N bond length 
is, interestingly, rather longer than in nitromethane and the 2—3 



a) 


b) 


Figure 12 (a). Adopted numbering of atoms and measured bond lengths 128 of nitro¬ 
benzene. 

{b). 7 t electron distribution (in units of 1/1000 \e\) and bond orders in the ground 
state 129,130 . Negative numbers for the charges correspond to an excess of negative charge. 


bond is the longest bond in the benzene ring. Similar discrepancies 
are found by comparing these bond lengths with the bond orders 
obtained from semiempirical -SCF molecular orbital calculations 
of the Pariser-Parr-Pople type (type b; see section I.B.). 

As a theoretical basis for our discussion we use calculations by 
Labhart and the author 129 . Table 13 shows the SCF molecular 
orbitals obtained by a set of semiempirical parameters given in 
Table 14. These parameters were calibrated by previous calculations 
on benzene and on the nitro group. 

stands for the effective (calibrated) ionization potential of 
atom p, (3 m for the core resonance integral of the bond pq , and y m 
for the electron repulsion integral \p{\)p(l) (e 2 jr 12 )q(2)q{2) dr. 



Table 13 . SGF 7r orbitals 
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Table 14. Pariser-Parr-Pople parameters 129 for nitrobenzene and nitrosobenzene in eV, 


/ N ' (nitro) = 24.80 

y NN = 12.27 

Amo — —3.05 

>"no — 0-20 

(nitroso) = 13.40 


£cn = -2.00 

y CN = 7.96 

I Q ' = 16.30 

Voo = 14-50 


y 00 ' (nitro) = 6.28 

/ c ' = 9.00 

7c c = 10-53 

Pcc = -2.46 

7cc' = 7 -27 


Electron repulsion integrals beyond nearest neighbors are assessed 
from electrostatic models 6 *. 

The dipole moment of nitrobenzene is larger than that of nitro- 
methane, in agreement with simple resonance pictures, namely 
in the gas phase 4.21 d 131 . 

One may calculate the contribution of the rr-electrons to the 
dipole moment from the charge distribution given in Table 13, 
according to the simple formula 

A = «1 q 9 • A (7) 

V 

where r„ is the position vector of atom p. One obtains the value of 
4.74 d, which is somewhat too large, as the contribution of the a- 
electrons, while very probably smaller, certainly is not in the opposite 
direction. 

If we estimate the ionization potential of nitrobenzene from the 
eigenvalue of the highest filled molecular orbital, —10.61 eV, we 
find a difference of 0.45 eV with the experimental value of 10.15 
eV 132 . It then appears that the electronegativity of the nitro group 
has been somewhat overemphasized. The electronic absorption 
spectrum of nitrobenzene has been measured down to 155 m/u in the 
gas phase by Nagakura and coworkers 133 , as shown in Figure 13. 
Labhart has experimentally determined the polarization of the 
transitions above 220 m/u by electrochromism 134,135 in re-hexane 
solution. This method may be applied to solute molecules with a 
dipole moment of at least 2 d. If a static electric field is applied to the 
solution the electric dipoles of the solute molecules will tend to 
orient themselves parallel to the field lines. The average orientation 
of these molecules with respect to the external field will thus be 

* The calculated charge distribution and dipole moment for nitrobenzene given in 
reference 129 corresponds to an effective ionization potential for oxygen of 16.70 eV 
and not, as erroneously indicated, 16.30 eV. Upon reexamination of some of the calcula¬ 
tions of reference 129 an error was furthermore found in the computation of the charge 
distributions of excited states. An Erratum has been published in Helv. chim. Acta. 51,^ 
204 (1968). All values given in this text are corrected values. 
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Figure 13. Gas-phase UV spectrum of nitrobenzene 133 , and calculated transitions 130 . 


known. Now plane-polarized light is shone through the solution. 
The angle of the plane of polarization with respect to the direction 
of the electric field is changed by the observer, until the maximum 
of the absorption occurs. This gives us the polarization of that 
particular transition with respect to the dipole moment of the 
molecule. Figure 14 shows how the spectrum of nitrobenzene may be 
separated into components parallel and components perpendicular 
to the dipole moment. The weak transition at longest wavelength, 
which is polarized parallel to the dipole moment, has very probably 
n-TT * character. Its intensity may be due to vibronic interaction, 
leading to borrowing from 77—77-* transitions. That is, if the NO a 
group gets twisted out of the plane of the molecule, the nonbonding 
orbital aa x mixes with n orbitals of symmetry a % (see Tables 10 and 

13). 

_ A calculation based on the orbitals of Table 13 and taking into 
account the interaction between the 16 lowest singly excited config¬ 
urations enables one to predict the tt-tt* transitions as shown in 
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Figure 14. Near-UV spectrum of nitrobenzene in hexane. Resolution of the spectrum 
into bands polarized perpendicularly and parallel to the molecular dipole moment 129,134 . 


Figure 13. The predicted transition at 277 m/i is polarized perpen¬ 
dicular to the molecular axis, while the transition at 252 m/u is 
polarized parallel. Both transitions have a dominant charge transfer 
character. The predicted absorption near 280 m/i also shows an 
appreciable component of the original benzene 1 A lg — 1 B 2u ( 1 L b ) 
transition (Explanatory details on the benzene transitions are 
contained in section III.A.2). 

The calculated weak transition at 214 m/i is strongly related to 
the local a 2 -bi* transition in the unconjugated nitro group (as 
for instance in nitromethane). Of the two predicted absorptions 
at 201 and 200 m/i respectively, the perpendicular one is strongly 
mixed, but nevertheless seems to contain an appreciable component 
of the benzene 1 A lg - 1 B 2u transition; the parallel one is related to the 
benzene 1 A ls - 1 B lu transition. Finally, the predicted absorptions 
near 170 m fi appear to derive mainly from the 1 A lg - 1 E lu ( 1 B ab ) 
transitions in benzene. The relative length of the lines in Figures 13 
and 14 for each transition i—j are drawn proportional to the calculated 
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oscillator strengths f i} (see footnote*). However, the 277 m/i trans¬ 
ition is adjusted to correspond to an e max value of 640. Upon 
comparison with the observed spectrum one notices that the pre¬ 
dicted 250 m fi transition actually appears at 240 m/t in the gas 
phase, and the predicted transitions near 200 mfi probably corre¬ 
spond to the main part of the observed 190 myt band. In general, 
there seems nevertheless to be qualitative agreement both with 
experiment and also with the theoretical predictions by Nagakura 
and coworkers 133 , which are based on a rather different quantum 
mechanical model of coupled molecular fragments. See also the 
theoretical treatment by Matsuoka and FHaya 136 . 

It has generally proven difficult to carry out our calculations on 
72 — 77 -* transitions in larger molecules, nitrobenzene being no excep¬ 
tion 137 . This is due to the fact that the nonbonding orbitals have a 
symmetry. Strictly speaking, all a valence electrons should be 
included in the calculation, thereby greatly increasing the computa¬ 
tional labor. 

The 77 - 7 T* transition in nitrobenzene shows a marked insensitivity 
to the polarity of solvents. Probably the actual displacement of 
charges in that transition is small. In contrast to the 72 - 77 * transition, 
the 240 my< band shows a very strong solvent dependence, appears 
at 250 m/x in hexane and gets further shifted to the red in polar 
solvents. Bayliss and McRae 138 , having also already interpreted this 
absorption as an intramolecular charge transfer band, predicted 
that the dipole moment of the corresponding excited state should be 
greater than in the ground state. In general, if the dipole moment 
decreases or changes sign in the excited state, there is a blue shift, if 
it increases, a red shift is encountered. Abe 139 has sought a direct 
quantitative relation between solvent shift and dipole moment in 
the excited state. He considers a system of A r identical solvent 
molecules and one solute molecule and estimates the Van der Waals 
energy of the system when the solute molecule is in its ground state, 
and when the solute molecule is in its excited state. This difference in 

* Experimentally the oscillator strength of a band is given as/ = 4.319 X 10“ 19 J e dv 
and is roughly proportional to the contribution of a transition i — j to f may be 

calculated as 

fi, = 4 - 703 X !<*%. W: Mi, = « 2 f T,* w, dr. 

k J 

Vfj represents the transition frequency in cm -1 , and 4A the wavefunctions for ground 
and excited state, ? k the position vector in cm and Z k e the charge of the kth. particle 
in the molecule in electrostatic units. See also reference 26, pp. 7-9. 
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Van der Waals energy is, on one hand, related to the polarity of the 
solvent molecules and to the dipole moment of the solute molecule 
in ground and excited state, on the other hand, to the energy of 
transition. From measured spectral shifts of the 240 m/z transition 
in nitrobenzene the dipole moment of the excited state is estimated 
to be 8.18 D 130 . 

The determination of dipole moments in excited states may be of 
direct chemical interest. There seems to exist a correlation between 


-577 -577 



-653 -653 




U 


III 


Figure 15. Distribution of 7 r electron density (in units of 1/1000 |e|) in the first two 
excited 7T-7T* states of nitrobenzene 129,130 . 


the it electron charge distribution in unsaturated systems and their 
proneness to electrophilic or nucleophilic addition or substitution 
at the individual atomic sites. In the electronically excited states the 
charge distribution is of course different from that of the ground 
state, and one may also assume the molecule to react differently 
chemically. In the same way as for the ground state, comparisons 
between the experimentally deduced dipole moment and the calcula¬ 
ted one makes it possible to draw some conclusions on the charge 
distribution. However, the molecule must remain sufficiently long 
in the excited state to be able to undergo reaction. That is, the 
lifetime of the excited state must be at least of the order of the 
periods of vibration of the nuclei. In sufficiently dilute solution this 
condition is generally fulfilled for the lowest electronically excited 
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state. Lippert 140 has related the difference between the dipole 
moment of the ground and lowest excited singlet state to the shift 
of the absorption and fluorescence maxima in various solvents. As 
nitrobenzene does not fluoresce, Lippert’s method can not be 
applied to this molecule. It is however applicable to some substituted 
nitrobenzenes. 

Labhart 134,141,142 and Czekalla, Liptay and Wick 143,144 have 
determined dipole moments of excited states from band shifts in an 
applied electric field. How such a band shift is caused may be 
visualized in Figure 16 for a simple case like nitrobenzene when the 



Figure 16. Line shifts in an electric field caused by changes of the dipole moment upon 
optical excitation 141 . In the case shown, ground and excited state dipole moments are 
assumed to be parallel to each other. 


dipole moments in the ground and excited states are parallel. The 
energy of transition in the absence of the field is Ait — E 1 — E 0 ; 
in the presence of the field 

A E' = (Ex — nx F cos «) — (E 0 — /u 0 F cos a) 

= Ait — F(/j,i — ju, 0 ) cos a, (8) 

where F designates the applied field strength, /u 0 and fix symbolize 
the dipole moments in the ground and excited states and oc the angle 
between dipole moment and the direction of the applied field. 
Results of these measurements and of molecular orbital calculations 
for nitrobenzene are shown in Table 15. The calculated dipole 
moment for III seems to be too large, but the general trend is 
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Table 15. Dipole moment of nitrobenzene in ground and 
in excited states 


State 

Jl(mfi) hexane 

/^exp(-D) 

^calc.(^) 

G 


4.21° 

4.8 

II 

280 

9.0 ± 2.0 6 

8.7 

III 

250 

8.18° 

12.4 


“Reference 131, 6 reference 129, Reference 139. 


correctly predicted. One must, however, remember that in nitro¬ 
benzene the lowest singlet excited state (I), which is of interest 
photochemically, is the n- tt* state 145 , the dipole moment of which is 
not easily accessible either to experimental or to theoretical 
determinations. 

2. The electronic properties of substituted nitrobenzenes 

As is well known, substituents of aromatic systems are generally 
classified as electron donating, D, or as electron attracting, A. 
The electron donating property increases with decreasing ionization 
potential of the substituent. The electron accepting property is 
characterized by the electron affinity of the substituent. The nitro 
group is typically electron attracting, as is correctly reflected in 
Figure 12. According to this calculation, the substituent has with¬ 
drawn 0.06 electrons from the benzene ring in the electronic ground 
state. If we consider nitrobenzene which has been further substituted 
by a typical electron donor, such as dimethylamino, the molecule 
may then be represented by the scheme: 



From the point of view of resonance theory one expects ionic 
structures to contribute significantly to the basic Kekule structures 
in the case of ortho- and para-substituted nitrobenzene. On the 
other hand, no equivalent ionic structure may be written in the 
meta-substituted case: 



D D + 
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One thus might conclude that the electronic properties of the 
^-substituted molecule are quite different from those of the p- and 
^.substituted ones. As has been pointed out by Grinter and Heil- 
bronner 146 , this conclusion is wrong. The spectra in the visible and 
near UV of o- and m-jV-dimethylnitroaniline resemble each other 
quite strongly, while that of the /-compound exhibits rather different 
features. As the above-mentioned authors have shown, these 
aspects of the electronic structure may be satisfactorily interpreted 
by a simple molecular orbital picture in which the interaction 
between the benzene ring, the electron donor and the electron 
acceptor is assessed. The donor is characterized by a doubly filled, 
bonding v orbital D, the acceptor by an antibonding, empty tt 
orbital A, the benzene ring by the six orbitals a 2u> e 1 ,, ± , e 2u ± , b 2g , as 
shown in Figure 17. The orbital D corresponds to the 2p z function 
of the nitrogen atom in the amino group, the orbital A to the 
orbital of the nitro group (the electrons in the lower 7 r orbitals b x 
and a 2 of the nitro group are here ignored). The electron distribution 
shown in Figure 17 corresponds to the ground configuration F. 


ft 


Donor 


0 


D~* 


Benzene Ring 


J 2g 


&2U ® 2u 


e,~g -tt— -tt- e* 

—t-o 2u 


Acceptor 


A 


Figure 17. Orbital scheme for a benzene ring interacting with an electron donor (D) 
and an electron acceptor (A). In the ground configuration the orbitals are occupied as 

here shown. 


The following singly excited configurations are now taken into 
account (1): four singly excited configurations within the benzene 
ring, namely from e lg ~ to e 2u ~ or e 2u +, from e lg + to e 2 ~ or e 2u +. 
These configurations describe the first excited states of benzene 
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(the singlet states are in Platt’s notation 1 L a , 1 L h , 1 B a , 1 B,„ in group 
theoretical notation 1 B lu , x B tu , x E lv ) and will be designated collec¬ 
tively by A. (2): two charge transfer excitations from the donor/) 
to the ring, namely to e 2u ~ or e 2u + , collectively designated by T n . 
(3): two charge transfer excitations from the ring to the acceptor, 
namely from e lg ~ or e l9 + to A, designated by T A . (4): finally, a 
configuration is Considered in which an electron has been transfered 
from D to A, T D A . 

Assuming an ionization potential of the donor of +10 eV, an 
electron affinity of the acceptor of — 1 eV, and a coupling parameter 
ft between the fragments of —2.5 eV, Grinter and Heilbronner 
obtain the results shown in Table 16. The ionization potential and 
electron affinity of benzene are taken from experiment, as well as 
the energies of the local benzene excitations. 

Table 16. The contribution in percent of the various configurations 
described in the text to the ground and first excited states of benzene sub¬ 
stituted by a strong electron donor and a strong electron acceptor, as 
calculated by Grinter and Heilbronner 146 . 


State 

r 

A 

r D 

yA 

r r A 

L D 

^max( m 7 t ) calc. 

G(A lg )o 

78 

1 

8 

12 

— 


G{A lg )m 

80 

— 

8 

12 

— 


G{A lg )P 

76 

2 

9 

13 

i 


I 0 

3 

31 

13 

32 

21 

410 

I m 

— 

32 

19 

39 

9 

400 

I P 

— 

62 

6 

32 

— 

320 


These results exhibit clearly the resemblance between the elec¬ 
tronic structures of the o- and w-compounds. In the first excited 
state the /(-compound shows a stronger contribution of locally 
excited benzene configurations. However, the absolute values of the 
numbers obtained are very strongly dependent on the choice of 
parameters. 

Doub and Vandenbelt 14 7-148 have measured the near-UV 
spectra of mono-, di- and tri-substituted benzene derivatives system¬ 
atically by going from weak to strong substituents. Stevenson 150 
has discussed these results theoretically, based mainly on previous 
work of Forster 161 and Petruska 152 . It seems that the absorption 
appearing at longest wavelength in the /-disubstitutcd donor- 
acceptor-compound ‘grows out’ of the 1 A la ~ 1 L a transition of 
benzene (204 m/t, e = 7400). Stevenson assumes the 1 L a state to mix 
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mainly with a quinoid substitu.ent-to-substituent charge transfer 
state and thereby to be drastically shifted to the red. This point is 
not borne out by the results of Grinter and Heilbronner, according 
to which the !T D A configuration does not appear to play an important 
role in the first excited state of the /(-compound. In both the o- and 
OT-disubstituted molecules the first absorption is considered by 
Stevenson to be mainly related to the 1 A lg - 1 L b transition of un¬ 
substituted benzene (250 mfz, s = 200). 

Measurements of the polarizations of transitions reveal the 380 m/z 
band in /i-nitroaniline to be in fact the superposition of two absorp¬ 
tions : a stronger one parallel to the symmetry axis and a weaker one 
perpendicular 129 . The stronger absorption is related by symmetry 
to the 1 Ai g - J L a transition in benzene and contains an appreciable 
T D A -contribution. The qualitative sequence of transitions seems to 
be correctly predicted by the calculation as well as the relative 
magnitude of dipole moments. The absolute values show, as in the 
case of nitrobenzene itself, that the effect of the substituents has been 
somewhat overrated. Unfortunately, no investigations of this kind 
have been carried out for o- and wz-nitroaniline. 


3. The electronic structure of nitrosobenzene and 
substituted nitrosobenzene 

In analogy to the nitro group the nitroso substituent also acts as a 
strong electron acceptor. This is again well reflected by simple 
resonance pictures. 



Observed and calculated data are shown in Figure 19. The calcu¬ 
lated 7 r dipole moment is, interestingly, predicted to be smaller than 
the observed total one. It nonetheless appears that the nitroso group 
has withdrawn 0.10 electrons from the benzene ring. The directions 
of polarization of the absorption bands are measured with respect 
to the dipole moment. However, because of the low symmetry of the 
molecule, the direction of the dipole moment with respect to the 
molecular frame is not known and must be calculated. With regard 
to their polarizations and relative strengths the transitions are 
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Figure 18. Measured and calculated 128 polarizations of the longest-wavelength transi¬ 
tions I, II, III of /j-lV,iV-dimcthylnitroaniline. The transitions I and III are polarized 
perpendicularly to the molecular axis. The calculated sequence of transitions agrees 
qualitatively with the observed one. 
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3.I4D 

Obs. 


Figure 19. Measured and calculated 129 polarizations of the longest-wavelength transi¬ 
tions of nitrosobenzene. The dipole moment is of course no longer parallel to the G—N 
axis. The measured and calculated polarizations of the transitions are indicated with 
respect to the dipole moment. Below, the calculated ground state it electron distribution 
is given (in units of 1/1000 \e\), as well as the calculated n dipole moment and observed 

total dipole moment. 
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correctly predicted. However, the calculated energy of the transition 
G-I is too high. The n- tt* transition, appearing at 755 m fj, is not 
shown in Figure 19. 

The general discussion of the previous section is also valid for 
/>nitrosoanilinc. The first transition is definitely polarized along the 
molecular axis and contains a particularly strong substituent-to- 
substituent charge-transfer (7 j> A ) component. 

B. Magnetic Properties of Nitro and Nitroso Aromatic Compounds 
I. Pi-electron density and NMR chemical shifts 

Nuclear magnetic resonance spectroscopy is a method of great 
interest and of great promise to gain further insight into the distri¬ 
bution of electron densities in molecules. In section II.G.2 we have 
briefly discussed the inductive effect of the nitro group in an alkane 
chain and the anisotropy of the diamagnetic shielding as assessed 
from proton resonance measurements. In this section we will giye an 
outline of the relationship between n electronic structure and 
chemical shifts of proton, C 13 , N 15 and N 14 resonances in nitro and 
nitroso aromatic compounds. 

As is well known, the nuclear magnetic resonance frequency v 
is related to the spin magnetic moment of a nucleus /a, the value of 
the nuclear spin I and the effective magnetic field at the nucleus 
H by the formula 

v = {aH/I h (9) 

where h is Planck’s constant. The effective magnetic field may be 
written 

H = H 0 (l - a) (10) 

where a is the shielding constant, H 0 the applied external field and 
H 0 • a the chemical shift with reference to the free nucleus 153,154 . 
The shielding constant for a particular nucleus o t in a molecule may 
conveniently be split up into several parts 155 : 

cq = orT + crP + o’/ (11) 

represents the diamagnetic contribution from the electron 
density on the zth atom, a t v is the local paramagnetic correction due 
to the immediate environment, and a A stands for the contributions 
from the electron density on other atoms in the molecule. a A is here 
assumed also to include anisotropic effects arising from the collective 
interaction of all electrons in the molecule, such as ‘ring current’ 
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effects. In addition, the influence of the medium surrounding the 
molecule must also be taken into account. 

Diehl 156 has studied the proton magnetic resonance spectra of 
substituted benzenes, finding an additivity rule for the influence of 
the substituents and correlating his results with Hammett-param- 
eters 157 . Wu and Dailey 155 have related experimental proton, C 13 
and fluorine chemical shifts to tt electron densities in substituted 
benzenes. We will base our discussion mainly on the work of these 
latter authors, focusing our attention on proton and C 13 chemical 
shifts in nitro compounds. 

In the case of proton chemical shifts the paramagnetic term af 
is small, low lying excited states being absent in most bonds involving 
protons. In an aromatic molecule the proton chemical shift with 
benzene as reference standard, A<q H , due to the polarization of the 
G—H bond, is related to the n electron density Pi on the carbon 
atom. As has been shown theoretically 158,159 this may be written 

Act, 5 =K( Pi - 1) (12) 

K is then taken as a constant and has been calibrated on cyclo- 
pentadienyl anion, benzene, tropylium cation and cyclooctatetraene 
dianion. After correction for ring current effects in these systems, as 
well as for influence of the solvent, K is found to be 8.08 ppm/ 
electron 155 . If the above equation is fulfilled, it then implies that 
“ring-current” effects are constant within the series under investiga¬ 
tion and that local diamagnetic effects are dominant in a relative 
sense. 

For C 13 chemical shifts a similar relationship has been worked 
out by Karplus and Pople 160 . Namely, in ppm-units: 

A o? (86.7 + 46.07 H )(p i - 1) + 46.0(77 - 0.399) (13) 

where )l H is a polarity parameter for the G—H bond and may be 
assumed to be small, and F { is the free valence* of the shielded 

Pi-electron densities and free valences may be calculated from 
Huckel (type d) calculations, using the set of parameters for the 
carbon i. 

* The free valence on an atom i is defined as 

F. = N — N- 
L t Iy max 

where N i is the sum of the orders of all bonds joining atom i and iV max is the maximum 
value possible, taken as V 3 9 . 
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heteroatoms given by Streitwieser 9 (see Table 17). Calculated 
chemical shifts are then obtained using formulae (12) and (13). 
Experimental data in Table 18 show the influence of strongly 
electron donating and strongly electron attracting substituents. 
Wu and Dailey have standardized experimental Acr H -values to 
conform to the shielding scale of Martin and Dailey 163 . To a large 


Table 17. Hiickel parameters according to Streitwieser. 
The coulomb integral for a heteroatom X is given as 
a x = a + the resonance integral for a bond X—Y 
as Y = The parameters a and ft for benzene 

are taken as standard values. If the atom X contributes 

one 7 r electron, it is designated by X, if it contributes two 
7 r electrons, X. 


Coulomb integral a x 

Resonance integral jS x _Y 

= 0-5 

*C —N = °’ 8 

An = 1-5 

Ac=N = 1.0 

A 6 = 1.0 

*N-0 = 0.7 

© 

o4 

II 

:o 

CO 

o 

II 

o 

1 


*0=0 = 1-0 


extent this takes into account solvent effects. Such standardized 
values are compared to the theoretical ones in Table 19. Wu and 
Dailey conclude that in the para-position of the monosubstituted 
benzene the qualitative trend both for proton and C 13 resonance is 
correctly reproduced by the calculated values, showing that varia¬ 
tions in the tt electron density are probably mainly responsible for 
variations in the chemical shift. In the ortho-position, the observed 
larger upheld shift for the carbon resonance in Ph-NO a is to be 
noted. In the meta-positions, the chemical shifts are in general small 


Table 18. Experimental proton chemical shifts in. p.p.m. 
for mono-substituted benzene (with benzene as standard), 
measured in cyclohexane. Note the difference between the 
influence of electron acceptors N0 2 and NO, and the donor 
substituent NH 2 . 


Substituent 

Para 

Meta 

Ortho 

Ref. 

nh 2 

+0.62 

+0.20 

+ 0.75 

161 

no 2 

-0.33 

-0.21 

-0.95 

161 

NO 

-0.31 

-0.26 

-0.56 

162 
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Table 19. Proton and C 13 resonance data on nitrobenzene, aniline, /j-dinitrobcnzeric, 

and /i-diaminobenzene. 


Substituent 

Position 

Pi 

Pi 


^ CT CU)S. 

^°calc. 

^°obs. 


P 

0.92860 

0.44654 

-0.577 

-0.290 

-4.00 

-6.00 

no 2 

m 

0.99499 

0.39773 

-0.040 

-0.155 

-0.49 

-0.80 

0 

0.95045 

0.45698 

-0.400 

-0.955 

-1.63 

5.30 


p 

1.03667 

0.40655 

0.296 

0.760 

3.53 

9.5 

h 2 n 

m 

0.99773 

0.39661 

-0.018 

0.271 

-0.31 

-1.3 

0 

1.04843 

0.42211 

0.391 

0.768 

5.26 

12.4 

^-dinitro 

0 

0.95315 

0.45011 

-0.379 

-1.147 



^-diamino 

0 

1.04536 

0.42080 

0.366 

0.950“ 




o Calculated from additivity relationship of reference 163. 


and correlations between the different types of chemical shifts are 
more difficult to establish. 

Further discussions on C 13 chemical shifts in substituted benzenes 
have, been given by Maciel and Natterstad 164 . Lauterbur 165 has 
studied the steric inhibition of conjugation in methylnitrobenzenes. 
In particular, he has found that in the orthomethyl compounds there 
is a marked increase in para-carbon shieldings, due to the reduced 
7 r electron-withdrawing effect of the nitro group. 

Lambert and Roberts 166 have studied N 15 chemical shifts in 
oxygen-nitrogen compounds. In contrast to the proton and carbon 
resonances, it appears that in nitrogen resonance the paramagnetic 
term o- N p may become predominant. This paramagnetism can be 
attributed to the existence of low-lying magnetic dipole allowed 
transitions involving orbitals on the nitrogen atom, such as h-tt* 
transitions 167,168 . Under the influence of the magnetic field such 
excited states mix with the ground state and give rise to a para¬ 
magnetic contribution to the susceptibility. The lower the n—n* 
transition and the greater the contributions of nitrogen atomic 
functions to the n and it* orbitals, the stronger should be the para¬ 
magnetic shift in the nitrogen resonance. Theoretical estimates 
show that the influence of the molecular environment on the dia¬ 
magnetic contribution cr N D is probably much smaller than the actually 
observed variations in chemical shifts. On the other hand, these 
experimental chemical shifts correlate quite well with data on the 
n—n* transitions. Experimental results for nitrobenzene and nitroso- 
benzene, as given by Lambert and Roberts, are reproduced in 
Table 20. 
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Table 20. The chemical shifts are taken from reference 166. 


They are downfield from external 

anhydrous ammonia. 



N 15 shift (p.p.m.) 

Nitrobenzene 

330 

-372 

Nitrosobenzene 

755 

-913 


N 15 chemical shifts may apparently be of help in the assignment 
of weak UV transitions, and the observation of n-rr* transitions may 
in turn facilitate the interpretation of nitrogen resonance data. 

In the isotope N 14 , nuclear quadrupole coupling broadens the 
resonance lines. In general, observed chemical shifts 169,170 correlate 
well with those for N 1B , except in cases which have in common 
intramolecular barriers to rotation 171 . Incomplete spherical averag¬ 
ing of electrical field gradients lead to anomalously large chemical 
shifts for N 14 in these latter cases. 

An interesting application of O 17 resonance has been made by 
Diehl and coworkers 172 , who have studied the tautomerism: 


O 



O 


At room temperature (28°) two separate lines occur, confirming the 
nonequivalence of the O nuclei. At 78° only one line is observed 
showing rapid exchange. This exchange process probably goes over 
the dinitroso structure. From this temperature dependence the 
activation energy of the reaction is estimated to be 17.2 ±1.5 
kcal/mole. 

2. The radical anions of nitroaromatic compounds 

The negative ions of nitroaromatic compounds, in particular of 
nitrobenzene and of substituted nitrobenzenes, have been investi¬ 
gated quite extensively 178-183 . The hyperfine splittings of the ESR 
lines due to the different nuclear spin's in the molecule may be 
related to the tt electronic structure (see also section II.B.l). Geske 
and Maki 179 have shown that there is some degree of correlation 
between the polarographic halfwave potentials of m- and /(-substi¬ 
tuted nitrobenzene and the nitrogen hyperfine splittings in its anion 



59 


Theoretical Aspects of the G—NO and C—NO a Bonds 

radical, as well as with cr 0 values of Taft and Lewis 184 and a n values 
of van Bekkum, Verkade, and Wepster 185 . Schug, Brown, and 
Karplus 186 have developed a simple model, based on valence 
bond theory, which permits the approximate superposition of the 
ESR results for mono-substituted benzenes to estimate the hyperfine 
constants of poly-substituted species. Rieger and Fraenkel 187 have 
carried out a study of nitrosubstituted benzene anions based on 
molecular orbital theory, which we will mention in somewhat more 
detail. 

The starting point is, as mentioned previously, McConnell’s 
relation 47 . In the case of protons we write 

a « H = QcH H ' Pa (14) 

where a a n is the hyperfine splitting (in Gauss) for the proton bonded 
to the 17 th carbon atom of the molecule, p t n is the ir electron spin 
density on this carbon atom, and Q CH H is taken as a constant, with a 
value of —23.7 G. In a first approximation the spin density on any 
carbon atom q is simply given by the square of the ^th LCAO 
coefficient c UQ of the molecular orbital containing the unpaired 
electron, namely, of the lowest empty orbital of the neutral molecule: 

Pa ^ t'ua 

To this degree of approximation the spin density is considered to be 
equal to the Hiickel charge density. However, this limited approach 
is totally unable to account for the spectra of certain radicals. For 
instance, in the pyrene anion the charge density of the unpaired 
electron vanishes at the two terminal carbon atoms lying on one of 
the vertical planes of symmetry, yet the protons attached to these 
carbon atoms contribute to the hyperfine structure 45 . This can only 
be explained by assuming negative spin densities at these sites. The 
occurrence of negative spin densities may be- thought of as arising 
through the correlation of electrons of opposite spin, which is 
neglected in a simple Hiickel calculation, or even in restricted SGF 
procedures. This correlation may be taken into account either by 
configuration interaction 188 , or by assuming different spatial 
orbitals for electrons of different spins. Thus, valence-bond theory 189 
has had some success in interpreting ESR data, where simple 
MO-methods at first failed. McLachlan has developed a perturba¬ 
tion calculation which allows for the inclusion of limited configura¬ 
tion interaction within the framework of simple Hiickel MO-theory 190 . 
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Rieger and Fraenkel adopt McLachlan’s procedure and write 191 

Pq ^uq ^qs^us (^) 

s 

where rr as is the atom-atom polarizability of Huckel-theory*, 
X is taken as an empirical constant and is given the value 1.2/5. 
Now there still remains the problem of finding suitable semi- 
empirical parameters for the Hiickel calculations. Rieger and 
Fraenkel have calibrated their calculated spin densities, corrected 
by the McLachlan procedure, to the ones experimentally deduced 
from the proton splittings in nitrobenzene in N, A'-dimethylforma- 
mide solution. Based on this, they adopt the parameters for the nitro 
group given in Table 21. 


Table 21 . Hiickel parameters for nitro and amino, 
as adopted by Rieger and Fraenkel 187 . Values for 
nitro are calibrated on ESR data for nitrobenzene. 
Compare these values with the ones given in 
Table 17. 


Coulomb integrals 

Resonance integrals 

Aj} (nitro) = 2.2 

*C-N ( nitro ) = f-2 

(amino) = 1.7 

(amino) = 0.7 

h<j (nitro) = 1.4 

A n _ 0 (nitro) = 1.67 


ESR spectra of nitroaromatic compounds are very sensitive to 
solvent effects and to the method of generation of the radical ions 
(by electrolytic, or by chemical reduction). Data for different 
compounds within this group may only be compared and interpreted 
theoretically with the same set of semi-empirical parameters if it 
has been measured under the same experimental conditions. Taking 
these facts into account Rieger and Fraenkel succeed in correlating 
measured and calculated hyperfine splittings in a large class of 
substituted nitrobenzenes. A least-squares analysis of MO energies 
versus experimental polarographic half-wave potentials yields the 

* The atom-atom polarizability between atoms q and s is defined as 

% s = 2 2 ( c ia c js c is c ia)l( e i ~ «,) 

i j 

where the index i runs over occupied molecular orbitals of the neutral molecule in the 
ground state, and the index j refers to vacant orbitals. The c ig> c js are orbital coefficients 
and e t , e,- orbital energies in units of the carbon-carbon resonance integral /J. 
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following results: 

E i = (0.24 ± 0.17) - (2.28 ± 0.50)x 

where** is the energy of the lowest vacant orbital of the neutral 
molecule (see Table 22). 

The hyperfine splitting arising from the nitrogen nucleus of the 
nitro group must be considered in a special way, as it appears to be 
not only dependent on the unpaired spin density at the nitrogen 
atom itself, p N *, but also at the adjacent carbon, p C ’ T , and oxygen 

Table 22. Energy of the lowest vacant orbital of the neutral 
molecule in units of /?, and calculated polarographic half-wave 
potentials in volts, from reference 187. Experimental values are 
from the work by Maki and Geske 179 . 



X 

—Ei calc. 

2 

-Ei exp. 

Nitrobenzene 

0.3787 

1.10 

1.15 

1,4-Dinitrobenzene 

0.1997 

0.70 

0.69 

4-Nitroaniline 

0.4066 

1.17 

1.36 


atoms, Po”. Karplus and Fraenkel 187,198 have developed the following 
expression: 

fl N (nitro) = (>.S' N + Q N c N + Qxo N ) Ps + Qcn* Pc' + ( 16 ) 

where S N represents the contribution to the splitting from the 
nitrogen l,t electrons and the Q’s account for the contribution of the 
2s electrons, due to indirect coupling effects. For instance, 
is a constant which measures the indirect coupling of the ir spin 
density on the oxygen atom with the nuclear spin of the nitrogen 
atom, via the electrons in the NO bond (see also section II.B.l). 
In the absence of theoretical values for these quantities, (.S' N + 
Qnc N + 2Q N o N )) Qcn N an d Qon N ma Y be obtained by a least 
squares fit to experimental nitrogen splitting constants, assuming that 
the spin densities are given by the McLachlan procedure. The data 
obtained for a given set of molecules may then be used to predict 
the properties of other nitroaromatics (see Table 23). From 17 
experimental values Rieger and Fraenkel find: 

(S N + + 2Q NO n ) = ±(99.0 ± 10.2)G (17a) 

Qox* = T(35.8 T 5.9) G. (I7 b ) 

It appears that Q CIf K makes no statistically significant contribution, 
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Table 23. Spin densities and splitting constants a N and a H for nitrobenzene and for 
nitrobenzene substituted in the ^-position by a strong electron acceptor, or a strong 
electron donor. All data are taken from reference 187. Calculated values are deduced 
from formula (16), values from formula (14). Measurements on 4-nitroaniline were 
carried out in acetonitrile, as given by Maki and Geske 179 . The other measurements were 
carried out in JV,lV-dimethylformamide. Notice the unusually low splitting constant for 
nitrogen in 1,4-dinitrobenzene. 



Position 

Spin densities 
Hiickel McLachlan 

Splitting constants 
calc. exp. 


0 

0.1947 

0.1988 




N 

0.2257 

0.2381 

9.33 

9.70 

Nitrobenzene 

1 

0.0398 

0.0071 




2 

0.1055 

0.1414 

3.35 

3.36 


3 

0.0049 

-0.0480 

1.14 

1.07 


4 

0.1244 

0.1704 

4.04 

4.03 


0 

0.1104 

0.1148 



1,4-Dinitrobenzene 

N 

0.1041 

0.1042 

2.09 

1.48 


1 

0.0748 

0.0796 




2 

0.0501 

0.0434 

1.03 

1.12 


0 

0.1946 

0.2004 




N(nitro) 

0.2405 

0.2592 

11.31 

12.18 


4 

0.0264 

-0.0115 



4-Nitroaniline 

3 

0.1071 

0.1465 

3.47 

3.36 


2 

0.0009 

-0.0524 

1.24 

1.12 


1 

0.1151 

0.1534 




N(amine) 

0.0127 

0.0098 


1.12 


and that the upper signs in (17a, b) must be taken. So finally one 
may write 

a N (nitro) = 99.0 /> N ' — 71.6p 0 ,r (18) 

What happens when the nitro group gets twisted out of the plane of 
the benzene ring? Does the unpaired electron gradually drift onto 
the nitro group ? Or does it stay in the benzene ring ? Our knowledge 
about the electron attracting properties of the nitro group lets us 
suspect that the first alternative is the more probable one. This has 
indeed been confirmed experimentally by Geske and Ragle 180 in 
measurements on methyl-substituted nitrobenzenes, as shown in 
Table 24. The observed value,of a N for the highly hindered com¬ 
pounds approaches the one found in various nitroaliphatic anion 
radicals 121 , namely 24.2 to 25.7 gauss (see section II.C.2). Simul¬ 
taneously the splitting constants for the ring protons gradually go to 
zero 180,193 . If we examine the lowest unfilled molecular orbital in 
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Table 13, we note that it is mainly related to the b x * orbital of the 
“free” nitro group. This is the orbital which contains the unpaired 
electron in the anion. Now, if by twisting the nitro group the 
conjugation is gradually interrupted, the molecular orbital will 
become more and more like the pure b t * orbital, thereby localizing 
the unpaired electron on the nitro group. 

Table 24. Nitrogen splitting constant 
in methyl substituted nitrobenzenes 180 . 

increases with growing steric hind¬ 
rance. The solvent is acetonitrile. Notice 
the influence of the solvent by com¬ 
paring the value of for unsubstituted 
nitrobenzene indicated here with the 
one given in Table 23. 


Methyl-position 


— 

10.32 

4 

10.79 

3,5 

10.6 

2 

11.0 

2,3 

11.7 

2,6 

17.8 

2, 3, 5, 6 

20.4 


The nitrogen splitting constant in 1,8-dinitronaphthalene 184,195 
and in 1,4,5,8-tetranitronaphthalene 194 reflects the steric interaction 
between the nitro groups. In the latter compound Gerson and 
Adams found to be temperature dependent. 

ESR measurements are being increasingly applied to conforma¬ 
tional problems. Thus in the anion radical of />-nitrobenzaldehyde 
the assignment of four instead of three proton splitting constants 
was interpreted as evidence that the carbonyl group is restricted to a 
configuration coplanar with the benzene ring 179 . Stone and Maki 196 
concluded from ESR data that free rotation of the formyl group in 
o-nitrobenzaldehyde is unlikely. More recently, McKinney and 
Geske have interpreted the spectrum of the tetraisopropylnitro- 
benzene anion radical in terms of two discrete conformational iso¬ 
mers existing in thermodynamic equilibrium 197 . These authors have 
summarized the different types of ESR studies which have led to 
structural conclusions: 

(a) conformational inferences of restricted intramolecular motion 
based on the magnitudes of splitting constants; 
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( b ) conformational evidence for restricted intramolecular motion 
based on the number of splitting constants observed, arising from an 
asymmetry of the radical; 

(c) conformational conclusions based on the observation of 
physically distinguishable conformers. 

The ESR spectrum of nitrosobenzene anion has been measured in 
ammonia 198 . Due to the asymmetry of the molecule the spectrum 
shows two ortho and two meta proton coupling constants (see 
Table 25). 


Table 25. Experimental splitting constants for nitrobenzene and 
nitrosobenzene in liquid ammonia 198 . Numbering of atoms is the one 
adopted throughout this chapter (see Figure 12). 




«2 H 


«4 H 

a H 
“5 

a H 
o 

Nitro 

11.46 

3.42 

1.11 

3.89 

l.n 

3.42 

Nitroso 

7.97 

3.84 

0.96 

2.97 

1.14 

4.14 


Gulick and Geske 199 have synthesized nitrobenzene containing 
O 17 and have measured the O 17 isotropic coupling constant a 0 
of the corresponding anion radical. In acetonitrile they found a 
value for a 0 of 8.86G. They considered the possibility of describing 
a 0 by an analogous equation to the one used for a s , namely 

a ° = Q 1 P 0 7 + Q^Pn* 

However, further experimental data seem to be necessary to deter¬ 
mine the constants Q 1 and Q 2 . 

Ishitani and coworkers 200 have reported the electronic absorption 
spectrum of the anions of nitrobenzene and nitrotoluene. In the 
first case they report absorptions at 292 and 560 m^tt, in the second 
case at 302, 607 and 875 m/u.. An attempt is made to interpret the 
spectrum of the nitrobenzene anion by considering the coupling 
between a benzene negative ion and a nitro group and taking into 
account both locally excited and charge transfer configurations. 

C. Aromatic N-oxides and Nitroxides 

I. The electronic structure of pyridine N-oxide and related 
compounds 

The dipole moment of pyridine iV-oxidc is compared to that of 
trimethylamine oxide and A, N- d 1 methyl an i I i nc in Table 26. It 
appears that the dipole moment decreases as the polarizability of the 
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part of the molecule directly attached to the N—O bond increases. 
This may be visualized for pyridine A-oxide by the following 
resonance structures: 



Whereas electrophilic substitution of pyridine is very difficult, the 
A-oxide readily forms the 2- and 4-nitro compounds. A comparison 
of the charge distributions in pyridine and pyridine A-oxide calcu¬ 
lated by semiempirical SGF procedures 201 (type b) show a reversal of 
sign at the para position (see Figure 20). The oxygen atom contri¬ 
butes two electrons to the it system, resulting in a small tt dipole 
moment opposite to the a dipole moment. From the charge distri¬ 
bution shown in Figure 20 this reverse v moment is calculated to be 
1.12 d, which is somewhat too large. Experimental evidence 202 
(see also Table 26) and theoretical estimates by Kubota and Wat- 
anabe 203 point to a value of about 0.76 d for the it moment. This is 
not exactly the difference between the total dipole, moments of 


Table 26. Dipole moment of N-oxides, 
as given by reference 65. 



(CH 3 ) 3 N —o 

5.02 

(CH 3 ) 2 C 6 H 5 N — >• o 

4.79 

CfiHgN —O 

4.24 


trimethylamine oxide and pyridine A-oxide, in view of the change in 
the state of hybridization of the nitrogen atom and the different 
numbers of C—N bonds. The dipole moments of 4-substituted 
pyridine A-oxides have been investigated by Katritzky and co¬ 
workers 204 . 

It appears that in some cases pyridine A-oxide can also create a 
deficit of electrons at the 4-position, allowing for nucleophilic 
substitution. 

Ito and Hata 205 and Jaffe 206 have reported the ultraviolet spectrum 
of pyridine A-oxide. The solvent dependence of the spectrum was 
further examined by Kubota and coworkers 207 ’ 208 correlated with 
data on other heterocyclic A-oxidcs and interpreted by semi¬ 
empirical molecular orbital calculations (type b) 203 . These authors 
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0 763 



Figure 20. Ground state v electron distribution (in units of 1/1000 \e\) of pyridine and 
•pyridine iV-oxide 201 . Parameters adopted for these calculations are = 12.00 eV, 
I Q ' = 25.00 eV, |8 cn = —2.58 eV, y CN = 7.58 eV. Other parameters are as indicated 

in Table 14. 


conclude that the 282 m/n absorption (see Figure 21) in pyridine 
iV-oxide is probably polarized parallel to the dipole moment and 
that it may be identified as a charge transfer band associated with a 
displacement of charge from the oxygen atom to the pyridine 
nucleus 208 . It should therefore not correspond to an enhanced 1 L b 
band of benzene (which would be polarized perpendicularly), as 
one might expect from the apparent analogy with the spectrum of 
pyridine. 

The weaker 317 m/u, absorption measured in hexane has been 
interpreted as an ti-tt* transition 208,209 . However, doubt has been 
cast on this assignment 116,210 , because of the strength (e > 1000) 
of this band. In pyridine the n- tt* transition is locally weakly allowed. 
However, in pyridine iV-oxide the nonbonding orbital on oxygen 
must be considered an almost pure 2 p y orbital, making the n— it* 
transition more strongly forbidden. Comparisons with calculations 
on pyridine show that the oxygen atom in pyridine iV-oxide has the 
effect of shifting the x L h band to longer wavelength and of diminishing 
its intensity. In the author’s opinion it therefore cannot be excluded 
that the 317 m/i band of pyridine N- oxide actually contains the shifted 
and weakened 1 L tl transition of pyridine which is polarized perpen¬ 
dicularly to the molecular axis. 

Figure 21 shows the strong solvent dependence of the spectra of 
pyridine iV-oxide and isoquinoline N- oxide. In water the first band of 
pyridine N -oxide appears at 254 m,« and might be a superposition 
of the two 317 m/j, and 282 m/j, absorptions identified in w-hexane. 




Figure 21 . The solvent dependence of the longest-wavelength absorptions of pyridine JV-oxide and isoquinoline JV-oxide. The data 

are from ( a ) reference 206, ( b) reference 205 and 207. 
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In strongly protonating medium this 254 m/i band seems to split up 
into two weaker bands as shown by Jaffe 206 . Investigations with 
protonating solvents have been carried out also by Kubota 211 . 

The electronic spectrum of benzylidene methylamine W-oxidc is 
reported and interpreted theoretically by Kubota and Yamakawa 212 . 


2. Magnetic properties of aromatic nitroxides 

When the aminoxy-function enters into conjugation with a 
phenyl group, the unpaired electron becomes delocalized, thereby 
reducing the coupling constant 0 Ns5,243 . On the other hand, in 
iminoxy radicals is shown to be very insensitive to conjugation 
of the G—-N—O system, confirming the a character of the unpaired 
electron (see Table 27). In a large variety of iminoxy radicals, 

Table 27. ESR data from reference 35 and 216. The assignment of the a 1T * values to 
syn and anti benzaldoxime is based on more recent conclusions 48,214 . 



long-range couplings with protons are observed which are stongly 
dependent on the stereochemistry of the molecule 214,215 . This 
stereochemical effect seems to have been first detected in the appear¬ 
ance of syn and anti isomers of benzaldoxime 216 . It is to be noted that 
the assignments of the syn and anti « a * splitting constants in 
benzaldoxime as reported in reference 216 do not agree with the 
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theoretical conclusions by Berthier and coworkers 48 and represented 
by other investigators 214 ' 216 , according to which the unpaired- 
electron density should be larger on the H* atom in the syn form 
(see Figure 6). Nonetheless, we find here the possibility for new and 
very promising applications of ESR spectroscopy to stereochemical 
problems. 

IV. SOME SPECIAL TOPICS 

/l. Vibrational Spectra 

Emphasis has been laid in this chapter on a description of the 
valence electrons in the molecules of interest and on physical 
properties which may be directly correlated with this description. 
From a more general point of view some physical aspects have 
unfortunately been neglected. One of these aspects, which is of 
great practical importance to the chemist, concerns the vibrations 
of the atomic nuclei in the molecules and their study by infrared 
and Raman spectroscopy. In view of the diversity of molecules 
considered here, it would be quite a task to give a unified theoretical 
treatment of the vibrational properties. As is well known, vibrations 
of polyatomic molecules must be described in terms of normal 
modes and cannot, strictly speaking, be localised within particular 
bonds. Nonetheless, it appears empirically that some particular 
vibrations may quite safely be ascribed to individual parts of a 
molecule, and that certain narrow ranges of IR frequencies are 
common to all molecules containing for instance G—N=0, or 
C—N0 2 , or >C—N -> O bonds. We shall therefore indicate a few 
references where the interested reader may find some pertinent data 
and pursue this topic. 

A general summary of IR data on nitroso and nitro compounds 
may be found in chapter 17 of the second edition of ‘The Infra-red 
Spectra of Complex Molecules’ by Bellamy 217 . 

Mason 22 has described the vibrational fine-structure of the n-n* 
band of trifluoronitrosomethane and has discussed NO stretching 
frequencies in both ground and excited electronic states. Nitro- 
methane has more recently been studied between 4500 cm -1 and 
2000 cm -1 by de Maine 218 . Jonathan 219 has investigated the vibra¬ 
tional spectrum of the aci-form of nitromethane in the region between 
4000 cm -1 and 450 cm^ 1 and concludes that the G—N bond must 
have appreciable double bond character. This conclusion agrees 
with the picture obtained from the electronic spectrum (see section 
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II.C.2). Attempts have been made by the same author to correlate 
bond lengths and force constants with calculated bond orders for 
nitrogen-oxygen 220 and carbon-nitrogen 219 bonds. 

A normal mode analysis of substituted benzene derivatives of 
symmetry C 2 „ has been carried out by Whiffen 221 and serves as a 
basis for the interpretation of the Raman spectrum and the IR 
spectrum of nitrobenzene between 4000 and 285 cm -1 222 . 

A correlation of the intensities of the C—C and G—-N ring 
stretching frequencies in pyridine and pyridine iV-oxide with 
changes in the charge distribution due to substituents has been made 
by Katritzky 223 . 

Some infrared data on the N—O stretching frequencies in stable 
nitroxides may be found in reference 42. 


B. Chemical Reactivity 

The ultimate aim of theoretical chemistry unquestionably is the 
detailed understanding of chemical reactions. However, most 
reactions observed by the chemist proceed on a macroscopic scale 
and involve the interaction of a great number of atoms or molecules. 
The attempt to predict in detail the course of such a reaction 
mathematically is in some sense meaningless. Such a situation calls 
necessarily for a statistical interpretation. In particular cases 
reacting atoms and (or) molecules may individually be isolated from 
external influences—as for instance in a molecular beam experiment. 
The mathematical problem of interpreting such an experiment in 
reactive scattering on an ab initio basis is nevertheless already a 
formidable one. 

Simple calculations on valence electrons, as have been described 
in this text, may at best serve as a basis for approximate descriptions 
of reactions. In this sense they may be considered as a refinement of 
the more conventional chemical formulae. Such interpretations are 
based on a conceptual model for the reaction in question. This 
involves the idea that if the reaction is to take place it must follow a 
certain well-defined path, or that it may choose between a limited 
number of possible paths, and that certain steps, or transition 
states, along the path are of decisive, rate-determining importance. 
The attempt is then made to assess the relative energy of possible 
transition states by simple quantum-chemical means. 

Much work has been done in this sense on the reactivities of n 
electron systems, in particular on aromatic substitution, and the 
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main ideas and some results are to be found in basic texts 224 - 225 , as 
in other more recent references 226 ^ 228 . The rate of aromatic substitu¬ 
tion has been correlated with different theoretical quantities, such 
as 7 t electron densities 229 , polarizabilities 229 , localization energies 230 , 
frontier electron densities 231 and superdelocalizabilities 232 , which 
may be estimated by semiempirical methods. However, these 
correlations must always be made with caution. An example to this 
point is given by nitrobenzene, which gets substituted mainly at the 
meta position by an electrophilic reagent. This fact is for instance 
not well reflected by the charge distribution given in Table 13 or 
Figure 12. The parameters used for this calculation have however 
been calibrated mainly on spectroscopic data and the aim of the 
calculation is to predict spectroscopic properties. The correlation 
between proneness to electrophilic attack and n electron density in 
nitrobenzene are better reflected by other calculations 226 which, in 
turn, are not primarily aimed at spectroscopic predictions. It is to 
be expected that the direct inclusion of a electrons into semiempirical 
calculations will lead to a more complete picture of large molecules, 
also from the purely chemical point of view. 
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I. INTRODUCTION 

Spectroscopic methods have been extensively employed for the study 
of organic nitro compounds and the literature abounds in publications 
where a variety of structural and analytical problems of interest to 
organic chemists have been investigated by spectroscopic techniques, 
particularly infrared and electronic absorption spectroscopy. 
Besides the applications of optical spectroscopy for the identification 
and characterization of nitro compounds, a large number of papers 
deals with environmental (substituent and solvent) effects, hydrogen 
bonding, enolization and acid-base equilibria. Nuclear magnetic 
resonance spectroscopy of 1 H, 13 C, 14 N and 16 N nuclei in nitro 
compounds have been examined. Electron spin resonance spec¬ 
troscopy has been of immense value in the study of radical anions 
which are readily produced by the reduction of nitro compounds. 

In this chapter, various aspects of the spectroscopy of organic 
nitro compounds will be reviewed in detail. In writing a review on 
a topic of this kind with innumerable references in the literature, it 
is possible that some of the workers have not been given proper 
credit due to over-sight or errors in judgment; the author would 
like to be excused for such omissions. 


II. INFRARED AND RAMAN SPECTRA 

The infrared and Raman spectra ofi nitro compounds have been 
investigated in detail in the last few years. The important character¬ 
istic frequencies in the vibrational spectra of nitro compounds arise 
from the asymmetric (r as ) and symmetric (v B ) stretching vibration 
modes of the NO a group. The vibrational assignments based on 
theoretical analysis as well as environmental effects on the nitro 
group frequencies have been discussed exhaustively in the literature.!: 4 . 
In this section various aspects of the infrared and Raman spectra of 
the nitro compounds will be reviewed With particular emphasis 
on those aspects which are of interest to organic chemists. 
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Table 1. Fundamental frequencies for nitromethane 6 . 


Vibrational 

class 

Vibrational 

motion 

Infrared 

(vapor) 

frequency 

cm" 1 

Raman 

(liquid) 

cm -1 

Depolar¬ 

ization 

A 

(Totally 

NO 2 sym. 
stretching 

1377 

1377.3 

0.2 

symmetric) 


N0 2 sym. 
bending 

658 

656.5 

0.39 


C—N Stretching 

918 

918.8 

0.05 

A 

GH 3 twisting 

Inactive 

Inactive 

— 

A 

(Parallel 

N0 2 asym. 
stretching 

1586 

1562 

0.82 

to NO a 

N0 2 rocking 

477 

481 

0.9 

plane) 

A 

N0 2 rocking 

605 

608 

— 

(Perpendicular 
to plane) 


The infrared spectra of nitro and nitroamine complexes of metals 
have been studied extensively. The r aB , v e and the wagging fre¬ 
quencies of the nitro group as well as the metal-nitrogen stretching 
frequencies have been reported; all these frequencies have been found 
to increase with the increase in the metal-nitrogen bond order. 
The nitro group frequencies in bridged nitro complexes and in 
stereoisomeric structures of certain complexes have been studied 4 . 


Table 2. Vibrational frequencies of nitroparaffins 5 . 



gh 3 no 2 

cm -1 

gd 3 no 2 

cm -1 

c 2 h 5 no 2 

cm 1 

(CH 3 ) 2 CHN0 2 

cm' 1 

c 2 h 5 ch 2 no 2 

cm -1 

NO, sym. 

1377 

1348 

1366 

1363 

1385 

stretching 

G—N stretching 

918 

879 

876 

851 

804 

NO, sym. 

658 

632 

621 

630 

610 

bending 

NO, asym. 

1586 

1571 

1580 

1575 

1578 

stretching 

N0 2 rocking 

477 

424 

— 

— 

— 

NO a rocking 

605 

560 

495° 

526 

477® 


measured in the liquid state. 
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The spectra of coordination compounds are, however, outside the 
scope of this review. 

One of the early studies of the vibrational spectra of nitro com¬ 
pounds is by Nielsen and coworkers 5 , who examined the infrared 
and Raman spectra of four nitroparaffins. They could interpret all 
the fifteen fundamental frequencies of nitromethane satisfactorily 
and the important assignments are shown in Table 1. The correla¬ 
tions of the vibrational frequencies (in the vapor state) of nitro¬ 
paraffins proposed by Nielsen and coworkers 5 are given in Table 2. 


A. The v aa and v s stretching frequencies 
I. Saturated nitro compounds 

In alkyl nitro compounds the asymmetric (v aB ) and the symmetric 
(v s ) stretching frequencies of the nitro group are found in the region 
1500-1600 and 1300-1370 cm -1 , respectively 1 ' 3 . The r as and v s in a few 
aliphatic nitro compounds are given in Table 3. Generally, primary 
and secondary nitro compounds absorb at slightly higher frequencies 
than tertiary compounds 8 . Environmental effects on the v aB and v B 
are quite marked. a-Halogen substituents increase the stretching 
frequency considerably; thus, r as in CF 3 N0 2 and CC1 3 N0 2 are 1607 
and 1610 cm" 1 , respectively 7 . In gm-dinitro compounds v a3 and v a are 


Table 3. The NO a stretching frequencies (in cm x ) in aliphatic nitro compounds 11 . 


rno 2 



R(CH 3 ) 2 cno 2 


R 

Pas 

Va 

R 

Pas 

Ps 

c 2 h 6 chch 3 

1548 

1359 

ch 3 ch 2 

1534 

1351 

(ch 3 ) 2 ch 

1553 

1359 

ch 3 

1541 

1345 

ch 3 (ch 2 ) 3 

1550 

1379 

H 

1553 

1359 

ch 3 (ch 2 ) 2 

1553 

1385 

CH 3 CH(OH) 

1543 

1353 

ch 3 ch 2 

1550 

1368 

hoch 2 

1543 

1353 

Gyclo C,TT,*C14 

1553 

1383 

Cl 

1565 

1341 

ch 3 

1567 

1379 

o 2 n 

1572 

1330 

C 2 H 6 CH(OCH 3 )CH 2 

1550 

1379 




CH 3 CH(OH)CH 2 

1555 

1370 




c 8 h b ch 2 

1556 

1375 




c 2 h 6 oocchc 2 h 6 

1560 

1368 




c 2 h 6 chci 

1570 

1340 




ch 3 cci 2 

1587 

1325 




cf 3 

1607 

1311 




CC1 3 

1610 

1307 
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found near 1580 and 1330 cm -1 , respectively 8 . Similar effects are 
found in the presence of a carbethoxy group in the a-position 9 ’ > 
The nitro group has surprisingly little effect on the positions of 
C=C'or C—H stretching bands in nitro olefins. In a-nitroketones, 
however, both the carbonyl and the v as frequencies are shifted to 
higher frequencies. 

Brown 8 first attempted to find a correlation between the v as and 
the v a in aliphatic nitro compounds; there was little success probably 
because of the presence of coupling between the C—N stretching 
and the v aa modes. Bellamy and Williams 10 consider this failure 
to be due to dipole and steric effects; this suggestion is, however, 
not consistent with the low barrier of rotation found in nitromethane. 
Lunn 11 has recently examined the correlation between the v. m and 
the v s frequencies in a large number of aliphatic nitro compounds 
and finds the following relations: 

Vm = 3262 - 1.213 Vasym for RNO a 
Vm = 2310 - 0.622v asym for R(CH 3 ) 2 CN0 2 

Correlation coefficients for the above two relations were 0.940 and 
0.856, respectively. 

Several workers 6,12 have attempted to correlate the nitro group 
stretching frequencies in aliphatic derivatives with substituent 
constants 11,13,14 . Rao and Venkataraghavan 14 have proposed the 
relation, 

v as = 25.1<7* + 1557 

for compounds of the type RNO a . The <r* constants are the aliphatic 
polar substituent constants of Taft. The correlation included data 
on seven compounds and the correlation coefficient was 0.99. Lunn 11 
has examined the data on 29 compounds of the type RNO a and has 
proposed the relation, 

r aa = 21.37(7* + 1550.7 

the correlation coefficient being about 0.987. A similar correlation 
has been proposed for compounds of the formula R(CH 3 ) 2 CN0 2 , 
with a coefficient of 0.981. 

r os = 23.92(7* + 1538.5 

It must be mentioned that these correlations do not include com¬ 
pounds where a halogen atom is directly attached to the nitro group. 
Taft’s <7* constants can describe the polar effects of the substituents 
on the nitro group frequencies only when the halogens are attached 
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to the carbon atom as in CC1 3 N0 2 or CF 3 N0 2 ; however, when the 
halogen is directly attached to the nitrogen atom, non-bonded effects 
become important. 

Halmann and Pinchas 15 have studied the infrared spectrum of ls O 
substituted nitromethane and find r as and v g at 1525 and 1357 cm -1 , 
respectively. The intensity of the symmetric stretching band of 
nitromethane has been found to be 0.63 X 10 4 mole” 1 1. cm” 2 ; this 
intensity is three times that of the symmetric deformation band and 
18 times that of the C—N stretching band 16 . The measured intensities 
have been related to dipole moments and as well as to the derivatives 
of the dipole moment with respect to bond lengths. Similar studies 
have also been carried out by Popov and Shlyapochnikov 17 who 
report the bond moments in CH 3 N0 2 to be: /i N0 = 1.5, ju CN = 
1.8, and /x Gll = 0.3 debyes. The thermodynamic properties of 
CC1 3 N0 2 have been calculated on the basis of vibrational spectra 
by Castelli and Pristera 18 . The analysis of the infrared and Raman 
vibrational spectra of a number of nitroalkanes and polynitroalkanes 
have been carried out by Popov and Shlyapochnikov 19 and by 
Geiseler and Kessler 20 . Infrared and Raman assignments have been 
made for gtfm-dinitropropane 21 . The infrared spectra of O-ethyl 
ethers of dinitro- and trinitromethanes have been studied 22 . The v s 
band shows splitting in aliphatic nitro compounds containing the 

R—C—NO a group with R = CH 3 or N0 2 2s . The infrared spectra 

of aliphatic /?-nitroalcohols show v. )s and v s bands in the ranges 
1550-1580 and 1350-1380 cm” 1 , respectively 24 . 


2. Nitro olefins 

Conjugation of a nitro group with a double bond lowers the 
stretching frequencies of the nitro group 25 . For example, 2-methyl-1- 
nitropropene shows the bands at 1515 and 1350 cm -1 while 2- 
methyl-3-nitropropene absorbs at 1555 and 1366 cm” 1 . For mono¬ 
alkyl nitroethylenes the ranges 1524 ± 4 and 1353 ± 6 cm” 1 have 
been quoted 8 . Yamashita and Namba 26 quote 1519 ± 6 and 1347 ± 
5 cm” 1 for v aa and v s of nitro olefins. For di- and trialkylnitro- 
ethylenes the ranges are 1515 ±4 and 1346 ± 9 cm -1 . Raman 
data on nitrodienes have been reported 27 . The intensity of v s is 
increased greatly on conjugation while the intensity of v as does not 
seem to vary markedly 28 . 
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3„ Aromatic and heterocyclic nitro compounds 

Vibrational spectra of aromatic nitro compounds have been 
investigated by a number of workers ,and of these special mention 
must be made of the early work of Brown 8 , Francel 29 ; Randle and 
Whiffen 30 , and Kross and Fassel 31 . Goplanar aromatic nitro groups 


Table 4. The N0 2 stretching frequencies (in cm in aromatic nitro compounds 31 - 34 . 


Compound 

’'as 

(solid) 

(solid) 

Compound 

v as 

(solid) 

(solid) 

Sodium 






/>-nitrophenoxide 

1501 

1338 

j)-Nitrobro mob en z en e 

1532 

1345 

^-Nitrodiphenylamine 

1526 

1324 

p,p'- Dinitroazoxy- 

1528 

1343 




benzene 



^-Nitro aniline 

1504 

1333 

/>-Nitromethylaniline 

1532 

1315 

/),//-Dinitrodiphenyl- 






sulfide 

1511 

1337 

jb-Nitrobenzaldehyde 

1533 

1343 

/i-Nitrophenol 

1515 

1342 

/>-Nitrobenzoic acid 

1541 

1351 




p -Dinitrobenzene 

1553 

1344 

/i-Nitroanisole 

1517 

1342 

m-Nitro toluene 

1537 

1350 

/>,/>'-Dinitrodiphenyl 

1514 

1340 

m-Nitroaniline 

1522 

1345 

/-Nitrophenylacetic acid 

1515 

1342 

m-Nitroacetanilide 

1539 

1346 

^-Nitroacetanilide 

1515 

1335 

o-Nitroaniline 

1513 

1349 

^-Nitrotoluene 

1517 

1344 

o-Nitroacetanilide 

1500 

1341 

/nNitrodiphenyl 

1510 

1342 

o-Nitrotoluene 

1530 

1349 

fi- N itrodimethylaniline 

1522 

1316 

o-Nitrobiphenyl 

1534 

1360 

/>-Nitrobenzonitrile 

1524 

1348 

o-Nitrobenzaldehyde 

1536 

1348 

^-Nitro chlorobenzene 

1526 

1343 

o-Trifluoromethyl- 

1539 

1359 




nitrobenzene 



/>-Nitroiodobenzene 

1513 

1345 

o-Ethylnitrobenzene 

1531 

i3h2 


generally exhibit v aa in the range 1520-1550 cm -1 . Rpesence of 
strongly electron withdrawing groups in the /;ara-position or bulky 
groups in the ortho -position tend to increase the r a3 (1540-1570 cm -1 ). 
Electron donating groups lower the r as (1490-1525 cm -1 ). The 
position of v &a and v a in a few aromatic nitro compounds are 
summarized in Table 4. A plot of r as against v a does not give a 
continuous curve; the deviations are particular great in the presence 
of electron withdrawing groups in the /jare-position 31 . Apparently, 
in such cases the G—-N bond order is decreased while the N—O bond 
order is increased at the same time, thus maintaining a roughly 
constant value of v s . 
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In substituted nitrobenzenes v as and v a have been correlated with 
structure related parameters such as molecular dipole moments and 
Hammett a constants 14,31 . The linear correlation of v ag with the 
a and a + substituent constants as proposed by Rao and Venkata- 
raghavan 14 are: 

v as — 305cr + 1523 (correlation coefficient 0.961) 

r as = 19.2<x + + 1528 (correlation coefficient 0.934) 

Contrary to these findings, Hamer and coworkers 32 have recently 
reported the absence of a good linear relation between r aa and 
Hammett’s a constant in some meta- and /wra-disubstituted benzene 
derivatives. On the other hand, ^ and v s of 4-substituted 2- 
nitroanilines show linear relations with the a constants 33 . 

In aromatic compounds containing two or more nitro groups, 
multiple frequencies are observed. Doubling of the stretching 
frequency has been noticed by Bellamy 1 and Conduit 34 in compounds 
where one nitro group is coplanar and another is twisted out of 
plane. 

The stretching bands of the nitro group are quite intense, but the 
absolute intensities vary markedly from compound to compound. 
It is therefore not possible to estimate the number of nitro groups 
by employing these bands. Generally, the asymmetric stretching 
band is much more intense then the symmetric band. Considerable 
variations in band shapes are often noticed in compounds where there 
is steric hindrance. 

The integrated intensities of v as and v a bands in nitrobenzene were 
found to be 2.72 X 10 4 and 1.86 X 10 4 1. mole^ 1 cm -2 respec¬ 
tively 34 ; intensity data on other aromatic nitro compounds have 
also been given by Conduit. The molar extinction coefficients, half¬ 
band widths as well as integrated intensities of i> as and v B bands in 
several aromatic compounds have been given by Flett 35 . Some of 
the data are summarized in Table 5. 

The half-band widths and band intensities of r as and v B bands 
of 4-substituted 2-nitroanilines have been correlated with the Ham¬ 
mett a constants of substituents 33 . Raman intensities of the nitro 
group stretching vibrations of a number oipara- and mda-substitutcd 
benzene derivatives have also been correlated with the Hammett 
a constants 36 . 

The infrared spectrum of ls O labelled nitrobenzene has been 
examined and the assignments have been discussed in detail 37 . 
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Table 5. Half-band widths and intensities of v as and v 3 bands in aromatic 
nitro compounds® 


Compound 

V*s 

Av 1/2 

®max 

B X 10- 

2 v B 

Av 1/2 

e max 

B x 10 

A-Chloronitrobenzene 

1523 

15.3 

403 

71.0 

1347 

9.6 

394 

52.8 

m-Carbethoxynitro- 

benzene 

1536 

11.1 

484 

65.0 

1355 

6.3 

760 

55.0 

A-Cyanonitrobenzene 

1534 

12.0 

572 

71.7 

1353 

7.7 

542 

50.5 

A-Methoxynitro- 

benzene 

1506 

13.3 

368 

71.2 

1340 

14.5 

476 

96.6 

jA-Nitrobenzamide 

1519 

11.8 

372 

48.5 

1346 

15.3 

464 

92.5 

A-Nit’robenzoic acid 

1547 

6.2 

279 

46.0 

1354 

10.6 

302 

42.7 

A-Carbomethoxynitro- 

benzene 

1531 

10.9 

705 

85.0 

1351 

9.9 

392 

54.3 

A-Nitrobenzene- 

sulphonic acid 

1540 

8.6 

488 

44.3 

1354 

5.6 

690 

49.4 

m-Gyanonitrobenzene 

1541 

10.2 

537 

67.6 

1360 

7.6 

560 

64.2 

A-Dimethylamino- 

nitrobenzene 

1492 

15.0 

204 

36.6 

1324 

31.3 

1153 

36.0 

m-Dinitrobenzene 

1545 

— 

288 

80.8 

1352 

12.6 

352 

55.2 

jA-Nitrodiphenyl 

1520 

7.5 

572 

56.3 

1350 

10.1 

765 

77.6 

0 Aq /2 in cm 1 ; £ max in liter mole 1 cm 
1.15 X 10 -10 gives absolute units). 

f 4 ; B in 

practical units (multiplication 


ls O-Nitrobenzene shows v as and v s bands at 1510 and 1322 cm -1 , 
respectively, compared to 16 0-nitrobenzene which shows these 
bands at 1531 and 1349 cm -1 . The 15 N-nitrobenzene spectrum has 
also been reported 38 and the v as and v s bands are found at 1501 and 
1327 cm -1 , respectively. 

Recently, the dichroism of oriented crystals of several aromatic 
nitro compounds has been studied 39 and various assignments and 
correlations have been discussed. 9-Nitroanthracene is found to be 
deformed from the planar configuration due to steric hindrance. 
Assignments of fluoronitrobenzenes have been examined in some 
detail by Medhi 40 . Infrared spectra of a number of alkylnitro- 
benzenes have been studied by Kinugasa and coworkers 41 with 
particular reference to the intensities of v as and v a bands as well as 
the substituent effects on the frequencies. Alkyl substituents in 2- or 
2,6-positions cause higher v ag frequencies due to steric effects. The 
infrared spectrum of 2,3,5,6-tetra-Ao-propyl-l-nitrobenzene has 
been explained in terms of steric effects which are shown to be higher 
than in nitrodurene 42 . The intensity of v B is lowered by ortho sub¬ 
stituents 43 . A linear relation between r aa and dipole moments of 
aromatic nitro compounds has been proposed by Kinugasa and 
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Nakashima 41 ; different linear relations are found for halonitro- 
benzenes and alkylnitrobenzenes. The effect of conjugative inter¬ 
action between the nitro group and sulphur containing substituents 
on r aB has been studied and a linear relationship between r ag and 
Brown’s ff+ constants has been reported 44 . The effects of para-GYl^K. 
(where X is any substituent) groups on the vibrational frequencies 
of the nitro group have been examined by Borek 45 . 

The positions of r as and v s bands of the nitro group in heterocyclic 
compounds have been related to their electron donating character 4811 . 
The nitro group stretching absorption occurs at higher frequencies as 
the ring becomes more and more electron-attracting in nature. It 
has been observed that the 2-thienyl ring is a strong electron donor. 
Pyridine-1-oxide donates electrons readily from the 4-position but 
not from the 3-position. The pyridine ring is a weak donor both at 
the 2- and 4-positions 48a . The extinction coefficients of the r aa and 
v s bands in heterocyclic derivatives have been reported along with 
some data on nitrobenzenes. The apparent extinction coefficient of 
the r a8 band in azanaphthalene permits the distinction between 
a- and ^-substituents 4811 . Raman intensities of nitro group bands in 
5-nitrofuran derivatives have been discussed in terms of intra¬ 
molecular interactions 47 . 

4. Other organic nitro compounds 

Nitroamines and other iV-nitro compounds exhibit v as and v s 
frequencies generally in the ranges 1530-1660 and 1250-1320 cm -1 , 
respectively. Nitroamines, polynitroamines, nitroguanidines, nitro- 
ureas, and other iV-nitro compounds also absorb within these 
ranges 1,48 . Infrared spectra of a-nitroketones have been examined 
by Simmons and coworkers 48 . Based on the infrared spectra of N- 
nitroamides and JV-nitrocarbamates, evidence has been presented 
for the existence of rotational isomers in the latter compounds 50 . 
The doubling of the r as band in the nitrocarbamates is attributed to 
the strong interaction between the nitro group and the two different 
oxygen atoms of the carbomethoxy group. iV-nitroamides exist 
largely in the transoid conformation 60 . 

Covalent nitrates show ^ and v B bands of the nitro group in the 
regions 1600-1650 and 1250—1300 cm -11,8,4S . 

5. Salts of nitro compounds 

Infrared spectra of sodium salts of a few nitroalkanes have been 
studied 51,52 and the r as and frequencies of the carbonitronate ion 
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have been assigned to the regions 1200-1320 and 1040-1175 cm -1 , 
respectively. The C=N frequency in these salts appears in the region 
1585-1605 cm -1 . The infrared spectra of the nitromethane anion 
has been studied in detail by Yarwood and Thomas 63 who have 
proposed a structure in which an atomic dipole is associated with 
the carbon atom. The assignments of r aa ('—-1575 cm" 1 ) and v s 
(^1270 cm" 1 ) by these authors differs from other authors. The 
carbonyl and nitrile stretching frequencies in a-nitroketones and 
a-nitronitriles are considerably reduced in the salts due to the 
conjugative effect of the carbonitronate group 62 . Infrared spectra 
of several salts of 1,1 -dinitroalkanes and trinitromethane have been 
examined 54-56 . Kaplan 66 assigns the r a3 and bands around 1260 
and 1170 cm -1 , respectively, while Kamlet and coworkers 66 assign 
these frequencies in the region 1480 and 1250 cm -1 , respectively. 
A relationship in salts of nitro compounds between the v B and the 
C—N bond order has been proposed 66 . 


6. Other frequencies of nitro compounds 

The C—N stretching vibration frequency in nitromethane has 
been assigned 6 to a band at ~920 cm -1 . In other aliphatic nitro 
compounds a band in the region 830-920 cm -1 is found due to the 
C—N stretching vibration. In aromatic nitro compounds 1,2 , the 
C —N stretching absorption has been assigned to a band at ~850 
cm -1 . It should be pointed out that the assignment of the C—N 
stretching bands in nitro compounds is uncertain 8,31 . Kross and 
Fassel 31 have preferred to assign the band at •—'1300 cm -1 in aromatic 
nitro compounds to the C—N stretching vibration; the assignment 
seems to be reasonable. The C—N stretching frequency should be 
expected to vary due to the wide variation in the bond order 
depending upon substitution and other factors. From the study of 
the spectrum of 18 0-nitrobenzene, Pinchas and coworkers 37 have 
assigned a band at ■—'1105 cmd to the C—N stretching vibration. 
The C—N stretching frequency in halonitrobenzenes has been 
assigned recently 67 to a band around 1260 cm -1 . 

Nitro compounds show other low frequency bands due to skeletal 
and deformation vibrations. In nitromethane, a band at ~660 
cm -1 was assigned to the symmetric bending vibration while bands 
at ~475 and ~605 cm -1 were ascribed to the rocking vibrations 
of the nitro group 5 . In nitrobenzene, bands at ~850, <~530, and 
~420 cm -1 have been assigned to the symmetric N0 2 deformation, 
the out-of-plane N0 2 bending and the in-plane NO s rocking 
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vibrations, respectively 37 . In a number of meta- and para-substituted 
nitrobenzenes, the symmetric deformation, the in-plane, and the 
out-of-plane rocking vibrations have been assigned to the bands at 
~860, ~530, and 730 cm -1 , respectively 58 . 

In nitroamines and in certain JV-nitro compounds, a band of 
medium intensity is found at ~780 cm -1 , possibly arising from a 
deformation vibration 1,48 . In the salts of nitro compounds, a band 
around 750 cm -1 is seen due to the bending vibration 52,56 . Yarwood 
and Thomas 53 have assigned bands at 735, 680, and 536 cm -1 for 
the three deformation modes in sodium methanenitronate. 

In alkyl nitro compounds, a band at ^—'1379 cnw 1 has been 
observed even in the absence of a methyl group 6 . This has been 
assigned to the perturbed methylene group in these compounds 1 . 
Similar additional bands have been seen in secondary alkyl nitro 
compounds 8 . 

C. Infrared data on assorted nitro compounds and analysis 

In the recent literature, innumerable references are found 
regarding infrared data of nitro derivatives. A few of the recent 
references include, derivatives of 1,3-dinitrobenzene and 1,3,5- 
trinitrobenzene 59 , 4-halo derivatives of 1-nitronaphthalene 60 , nitrated 
derivatives of 4-benzoylnaphthalic anhydride 61 , dinitroacetonitrile 
and its salts 62 , nitroacridine and its derivatives 63 , j^-nitrobenzyl 
esters of carboxylic acids 64 , dinitrophenyl derivatives of amino acids 65 , 
nitro derivatives of dioxaboracyclohexane 66 , 2-nitroindenedione 
derivatives 67 and nitrocellulose. 68 References where infrared and 
other spectral data are summarized will be referred to later. 

Infrared spectroscopy has been used for quantitative analysis in 
several instances and some of the recent papers deal with 3,5- 
dinitrobenzoate esters of hydroxylic compounds 69 , location of ester 
groups in cellulose nitrates 70 and determination of aldehydes and 
ketones as DNPH derivatives 71,72 . 

The paths and the products of many organic reactions involving 
nitro compounds have been studied employing infrared spectroscopy : 
isomerization of l-nitro-2-propene 73 , Michael reaction with gem- 
dinitroalkyl a,/3-unsaturated esters and other substrates with nitroal- 
kanes 74 , nitration of barene 75 , polymerization of nitro olefins 76 , action 
of nitrous vapors on anthracene 77 , and preparation of 2-bromo-2- 
nitroalkyl amines 78 . 
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D. Solvent effects 

The infrared spectra of nitromethane recorded as a neat liquid as 
well a°s in carbon tetrachloride solutions at various concentrations 
showed negligible frequency shifts 70 . The molar extinction co¬ 
efficient of the band at 3040 cm -1 decreases with the concentration 
of nitromethane, suggesting specific interaction between two nitro¬ 
methane molecules 80 . Influence of solvents on the frequency and 
intensity of nitro group vibrations in a number of nitro compounds 
has been found to be negligible in the absence of hydrogen bonding 81 . 
The intensities of the absorption bands of ^-substituted nitrobenzenes 
have been found to decrease with the polarity of the solvent 82 . The 
influence of solvents on the infrared spectra of dinitrotoluenes has 
been reported 83 . 


III. ELECTRONIC ABSORPTION SPECTRA 

In simple nitro compounds like nitromethane, the nitrogen makes 
use of three sp 2 hybridized orbitals for bonding and an unshared 
electron pair {pn orbital) remains on the nitrogen. The oxygen 
atoms also have one p-n electron each, besides two unshared pairs of 
electrons in the plane of the nitro group. The energy level diagram 
of the nitro group is shown in Figure^l ^The symmetric and anti¬ 
symmetric combinations of the nitrogen orbitals ( n s and n a ) would 
give rise to two n —*■ v* transitions 84,85 . 


20 

N O2 separate 

atom -NO2 g roup atom s 



'>=s(or sp hybrid) 
>*» ■ '' 


Figure I. Energy level diagram of the nitro group 84 
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A. Nitroalkanes and nitro olefins 

Nitromethane exhibits two absorption bands at 270 mu (log e 1.3) 
and 210 m/u (log e 4.2). The lowest energy bands of an aliphatic 
nitrate, a nitrite, and a nitro compound are compared in Figure 2. 



260 300 340 380 m fj. 

Figure 2. The n-* n* transition bands of (1) 2-butylnitrate in ethanol, (2) 2-nitrobutane 
in ethanol and (3) 2-butylnitrite in ether 86 . 

The weak band at 270 m^it does not show fine structure even in non¬ 
polar solvents, but is shifted to lower wavelengths with the increasing 
polarity (or proton-donating ability) of the solvent typical of an 
n -> it* transition 85 (Figure 3). The 270 m^ band is undoubtedly 
due to the n a -*■ 7t 3 * transition 84 , while the 210 m/x absorption is due 
to the it 2 -> 7r 3 * transition. Nagakura 86b has assigned these bands 
at 270 and 200 m/x in the vapor phase. There should be another 
band at much lower wavelengths (in the vacuum ultraviolet region) 
due to n 3 -> 7r 3 * transition, but this band has not been reported. 



Figure 3. Solvent effects on the n -* tt* transition band of nitromethane; (1) in heptane 
(2) in methanol and (3) in water. 
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It can be seen from Table 6 that there is considerable effect of 
substituents on the position of the n -> n* transition band. The 
effect of the alkyl substituents can not be simply correlated with 
Taft’s» aliphatic polar substituent constants {a*). Balasubramanian 
and Rao 87 have been able to correlate the n tt* frequencies with 
the <r* constants after accounting for the contributions from the 
G—H and the C—G hyperconjugation of the alkyl groups. In 


Table 6. Long-wavelength n —>■ n* bands of aliphatic nitro 
compounds (RN0 2 ) 85 - 87 . 


R 

Heptane 


Methanol® 

Water® 

^■max> 

e max 

^max> m /* 

4iax> m /“ 

ch 3 

275 

14.5 

271.5 

268.5 

c 2 h b 

277 

19.8 

274 

270.5 

*-c 3 h, 

279.5 

21.4 

277 

273.5 

lg 4 h 9 

280.5 

22.5 

279 

275 

cf 3 

279 

52 

— 

— 

CCI 3 

278.5 

— 

— 

— 


° The « max values are of the same magnitude as in heptane. 


Figure 4, the n -*■ n * frequencies of the aliphatic nitro compounds 
have been plotted against the Taft a* constants with and without 
the correction for the hyperconjugative contribution, (n 1L k 1L + n c h c ), 
where n stands for the number of a-hydrogens or carbons available 
for hyperconjugation and h stands for the hyperconjugation constant. 
The A h and h c have been found to be ~550 and ~360 cm" 1 , 
respectively. The linear correlation in Figure 4(b), has been taken as 
evidence for the existence of hyperconjugation in electronically 
excited states of molecules. Further, the n -> 77 * frequencies in alkyl 
nitro compounds follow the Baker-Nathan order (Me > Et > 
z-Pr > t-Bu). This trend is maintained in solvents of varying degree 
of polarity and/or proton donating ability 87 . 

From a detailed study of the ultraviolet absorption spectra of 
nitromethane in a variety of solvents, de Maine and coworkers 88 - 89 
have found evidence for the dimerization of nitromethane: 

2 CH 3 N0 2 (CH 3 N0 2 ) 2 

The equilibrium constant at 20° is found to be <—'105 liter mole -1 
in non-polar solvents. Evidence for dimerization is also indicated 
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Figure 4. Correlation of the n -*■ n* transition frequencies in aliphatic nitro derivatives, 
RNO s with the polar substituent constants of Taft 87 . 


by the infrared data 80 . The absorption spectra of 1,1-dinitroalkanes 
and trinitromethane in aqueous media have been reported and the 
color formation in aqueous solution is attributed to the anion 90 . 

Nitro olefins show high-intensity bands due to -jt -> 77 * transitions 
in the region 220-250 m// n . The long wavelength tt n* transition 
undoubtedly arises from the conjugation of the nitro group with the 
C—C bond. In conjugated nitro compounds the n —> tt* bands are 
generally masked by the intense 77 —*■ tt* absorption bands. Absorp¬ 
tion data of a few nitroalkenes have been reported by Montagne 
and Arnaud 92 . 


6 . Aromatic and heterocyclic nitro compounds 

The electronic absorption spectra of most of the nitroaromatics 
reported in the literature refer to the aromatic absorption. The 
absorption bands due to the nitro group are generally hidden under 
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the intense bands due to the tt n* transitions of the aromatics. 
The nitro group, being very highly electron-withdrawing in nature, 
causes marked bathochromic shifts of the aromatic absorption bands 
and also considerable variation in the intensities. A number of 
workers have examined the absorption spectra of aromatic nitro 
compounds and have discussed the effects of substituents, solvents 
and other environmental factors. 

The electronic absorption data of nitrobenzene in different solvents 
are summarized 93 in Table 7. The band at ~260 m// found in 


Table 7. Electronic absorption data of nitrobenzene 93 . 


Solvent 

^max m f x 

e max 

Gas phase 

240 

7600 

Naphtha 

251 

9200 

Cyclohexane (cone. = 2.2-88 mg/liter) 

252 

9000 

Isooctane 

252 

8620 

Ethanol (cone. = 70 mg/liter) 

257 

8100 

Ethanol (cone. = 1.75 mg/liter) 

258 

7700 

95% Aqueous ethanol 

260 

8000 

Dioxane (cone. = 90.5 mg/liter) 

257-258 

8400 

Dioxane (cone. = 1.81 mg/liter) 

259 

7400 

50% Aqueous dioxane 

263-265 

7800 

Water (cone. = 2.4-95 mg/liter) 

265-266 

7900 

1 n NaOH 

266 

6900 

0.1 nHCI 

266 

7800 

Cone. H 2 S0 4 

287.5 

8600 


various solvents is broad and structureless and probably corresponds 
to the 203 ni/u band of benzene 85 . The intensity of the band does not 
show appreciable concentration-dependence. The band is shifted 
to higher wavelengths with the increase in dielectric constant of the 
solvent. The long wavelength absorption band of nitrobenzene 
(corresponding to the forbidden -tt tt* transition of benzene around 
260 m,tt 85 ) can only be identified with difficulty 83 . This band of 
nitrobenzene occurs at ~290 m,it(e max ■—< 1500 ) 83 . 

Nagakura and coworkers 84 have examined the electronic absorp¬ 
tion spectrum of nitrobenzene in the vapor state down to the vacuum 
ultraviolet region, (see Figure 5 for the spectra of nitrobenzene in 
vapor and solution phases), and have identified a strong band at 
164 rn.fi and another composite band at 193 rn.fi. The band around 
240 rn.fi (^260 rn.fi in solution phase) has been assigned to intra¬ 
molecular charge-transfer. This assignment is confirmed by the 
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Figure 5. The ultraviolet spectra of nitrobenzene in different media 94 . 

observation that the intensity is lower in nitromesitylene. Nagakura 
and coworkers 94 conclude that there is ~6 % contribution of the 
Following charge-transfer structure: 



Matsuoka and THaya 95 have made detailed calculations on the 
electronic structure of nitrobenzene employing the Pariser-Parr- 
Pople-Brown-Heffernon method and Found that the calculated 
energies and intensities agree well with the experimental values. 
S.G.F. calculations involving configuration interaction have yielded 
the long wavelength tt —*■ rr* transition energy in fair agreement with 
the experiment 96 . Electronic structure and spectra of 1,5-dinitro- 
naphthalene 97 and jym-trinitrobenzene 98 have also been examined 
recently. 

The effect of para-, meta-, and onTzo-substituents on the electronic 
absorption spectrum of nitrobenzene has been studied exhaustively. 
Data on a Few derivatives are given in Tables 8, 9, and 10. The 
effect of the substituents in the para-, meta- and ort/zo-derivatives has 
been discussed in terms of mesomeric and steric interactions 85,93 . 
The magnitude of the wavelength shifts by substituents in para- 
substituted nitrobenzenes, is determined by the electrical property 




Spectroscopy of the Nitro Group 


97 


Table 8. Absorption maxima of />ara-substituted nitrobenzenes 93 . 


Substituent 

Solvent 

^'raax m i u 

e max 

^max m ft a 

£ max 

—& 

/>-Amipo- 

2 n HC1 

258 

8,700 

— 

IT 

/i-Nitro 

Methanol 

258 

, 14,700 



^-Acetyl- 

Cyclohexane 

258 

14,000 

ca 292 

2000 





ca 308 

1000 


Ethanol 

261 

14,000 

ca 298 

2200 





ca 312 

1200 

jii-Carboxy- 

Cyclohexane 

255 

13,000 

ca 294 

2000 


Ethanol 

258 

12,000 

ca 294 

2500 


water 

271 

10,000 




0.1 N HC1 

263.5 

12,500 




1 N NaOH 

272 

10,600 



/i-Formyl- 

Hexane 

259 

13,800 

ca 284 

3400 





ca 295 

2100 





ca 305 

1200 


Const, boiling ethanol 

265 

11,400 




Water 

266 

14,500 

ca 301 

3000 





ca 314 

1800 

^i-Fluoro- 

Isooctane 

256 

7,600 




95% Aqueous ethanol 

ca 266 

7,900 



/i-Chloro- 

95% Aqueous ethanol 

ca 272 

10,000 




pH 6 

280 

10,300 



/(-Brorno- 

95% Aqueous ethanol 

ca 276 

11,100 



/i-Iodo- 

95% Aqueous ethanol 

ca 294 

11,700 



/i-Methyl- 

Isooctane 

264 

10,250 




pH 6 

285 

9,250 



/>-i-Propyl- 

Isooctane 

265 

10,430 



/)-/-Butyl- 

Isooctane 

265 

10,720 



p-11 ydroxy- 

Cyclohexane 

295 

11,000 




Ethanol 

314 

13,000 




Water 

314 

9,7 0 




pH 3 

317.5 

10,000 




1 N NaOH 

402.5 

19,200 



/>-Methoxy- 

Ethanol 

305 

13,000 




Water 

313 

10,500 



/i-Amino- 

Naptha 

320 

14,600 




Ethanol 

371 

15,500 




Water 

373-377 

13,000 




0.1 N HC1 

372 

5,600 




1 N NaOH 

373-379 

13,000 



/>-Dimethyl- 

Ethanol 

387 

18,300 




amino- 


Values in italics represent inflexions. 






Table 9. Absorption maxima of meta-substituted nitrobenzenes 93 . 


Substituent 

Solvent 

^max m j w<z 

£ max 

^max 

£ max 

m-Nitro- 

Cyclohexane 

228 

20,500 

ca 275 

1150 





283 

1000 





294 

770 


96 % Aqueous ethanol 

235 

17,400 




Water 

241.5 

16,300 

305 

1100 

m-Acetyl- 

Cyclohexane 

224 

23,000 

ca 288 

1100 



254 

7,000 

298 

750 


Ethanol 

226 

22,500 

ca 300 

800 



ca 260 

6,500 



m-Formyl- 

Cyclohexane 

225 

26,000 

287 

1000 



ca 242 

11,000 

298 

700 



ca 252 

6,800 




Ethanol 

ca 256 

7,700 _ 



m-Carboxy- 

Cyclohexane 

250-251 

7,400 

ca 285 

1150 


containing 2 % ether 



ca 296 

650 


Ethanol 

215 

22,500 





255 

7,000 




Water 

212.5 

20,000 





265 

7,000 




0.1 NHGl 

261 

7,100 




1 N NaOH 

266 

7,350 



m-Fluoro- 

Isooctane 

246 

7,400 

284 

1700 


95 % Aqueous ethanol 

ca 255 

7,700 

ca 300 

1900 

m-Chloro- 

95 % Aqueous ethanol 

ca 258 

7,200 

ca 300 

1500 


Water 

224 

6,800 

313 

1300 



264 

7,100 



m-Bromo- 

95 % Aqueous ethanol 

ca 259 

6,200 

ca 303 

1200 

m-Iodo- 

Light petroleum 

ca 260 

6,200 

ca 308 

1000 


95 % Aqueous ethanol 

ca 262 

6,400 

ca 315 

1000 

m-Methyl- 

Isooctane 

256.5 

8,160 

ca 292 

1500 

m-i-Butyl- 

Isooctane 

258 

8,220 

ca 292 

1500 

m-Hydroxy- 

Cyclohexane 

225-226 

11,000 

319 

2200 


(containing ca. 

262 

5,750 




1 % ether) 






Ethanol 

270.5 

6,900 

332.2 

2700 


Water 

228 

7,600 

323 

1900 



272 

6,000 

328 

1950 


pH 3 

228.5 

7,900 

333 

1960 



273.5 

6,000 




0.1 N NaOH 

251.5 

11,000 

392 

1500 



291 

4,500 



m-Methoxy- 

Cyclohexane 

223 

13,000 

313 

2400 



260 

6,100 




Ethanol 

268 

6,400 

325.2 

2400 


Water 

228 

8,900 

330 

2050 



273.5 

6,000 



m- Amino- 

Ethanol 

233 

18,000 

375 

1600 


Water 

224 

13,500 

350-358 

1400 



278-279 

4,500 




1 N NaOH 

224 

14,000 

354 

1400 



278-279 

4,650 




0.1 N HO 

256 

7,500 



m-Dimethyl- 

Ethanol 

246 

23,000 

400.3 

1350 


amino- 
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Substituent 

Solvent 

^max m A i<i 

e max 

^max 

i e 
c max 

0 -Acetyl 

Cyclohexane 

254 

6000 

— 

_ 


Ethanol 

257 

6000 



o-Formyl- 

Cyclohexane 

222 

15300 

ca 285 

1700 



247 

7000 




Ethanol 

220 

8500 

270 

3600 



252 

4700 



o-Carboxy- 

Cyclohexane 

— 

— 

ca 278 

1350 


(containing ca 2% ether) 






Ethanol 

ca 250 

3500 




Water 

ca 266 

5300 




0.1 nHCI 

ca 262.5 

5500 




1 n NaOH 

267 

5500 



o-Fluoro- 

Isooctane 

242 

7250 

278 

1850 


95% Aqueous ethanol 

ca 250 

6900 

ca 285 

2200 

o-Chloro- 

95% Aqueous ethanol 

ca 252 

3500 

ca 290 

1200 


Water 

228 

4400 

310 

1400 



260 

4000 



o-Bromo- 

95% Aqueous ethanol 

ca 255 

3000 

ca 292 

1300 

o-Iodo- 

95% Aqueous ethanol 

ca 260 

3500 

ca 310 

1500 

o-Methyl- 

Isooctane 

250 

5950 

ca 290 

1500 

c-z-Propyl- 

Isooctane 

247 

3760 

ca 290 

1300 

o-i-Butyl- 

Isooctane 

— 

— 

ca 275 

700 

c-Methyl- 

Water 

266 

5300 

325 

1300 

o-Hydroxy- 

Cyclohexane 

269-270 

7500 

342 

3800 


Ethanol 

273 

6600 

343.5 

3600 


Water 

ca 230 

3700 

346 

3000 



276 

6350 




pH 3 

230 

3900 

351 

3200 



278.5 

6600 




0.1 n NaOH 

250 

5000 

416 

4800 



282 

4300 



o-Methoxy- 

Cyclohexane 

249 

3400 

304 

2500 


Ethanol 

258.5 

3450 

317.2 

2850 


Water 

264 

4300 

333 

2900 

o-Amino- 

Cyclohexane 

227 

18000 

370 

5000 



268 

5000 




Ethanol 

275.2 

5100 

403.6 

5400 


Water 

233 

17000 

400-405 4500 



280 

5500 




0.1 n NaOH 

245 

7000 

412 

4500 



282.5 

5400 



o-Dimethyl- 

Ethanol 

245.5 

21500 

416 

2950 


amino- 


Values in italics represent inflexions. 
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of the other substituent. The bathochromic shifts will be large when 
the other substituents are electron-donating 85 . Thus, j&ara-nitroaniline 
and />ara-dinitrobenzene exhibit the principal absorption bands at 
370 and 258 m p, respectively, in alcohol solution; nitrobenzene shows 
this band at 257 m/j. In/wa-substituted nitrobenzenes the mesomeric 
interaction is found to be appreciably greater than in jbara-substituted 
acetophenones 93 . 

Rao 99 has found that the position of the principal absorption 
bands of />ara-complimentary substituted benzene derivatives can be 
linearly correlated with the Hammett a constants of the para- 
substituents (Figure 6). In the case of/>ara-complimentary substituted 



cr 

Figure 6 . Correlation of the absorption maxima of ^cm-disubstituted benzenes with 

Hammett a constants". 


nitrobenzenes 100 , the correlation coefficient is found to be 0.96 and 
the /o-value is —159. The correlation is not satisfactory with resonance 
parameters of substituents alone. The correlation of the /l max values 
with the substituent constants is not satisfactory if data of the meta- 
substituents are also included. This is understandable since in 
meta-derivatives there will be no mesomeric interaction. The 
ultraviolet absorption data of meta-substituted nitrobenzenes are 
often quite similar to those of the mono-substituted parent com¬ 
pounds 93 . Some evidence for the buttressing effect in meta substituted 
nitrobenzene derivatives has been found from the electronic absorp¬ 
tion spectra 93,101 . 
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In ortho -alkyl substituted nitrobenzenes the intensity of the absorp¬ 
tion bands decreases with the increase in the size of the ortho-alkyl 
substituent. Some of the observed effects can be accounted for by 
the non-planarity of the nitro group which varies with the solvent 93 . 
Decrease in band intensity and lowering of the A max value due to 
steric effects have been found in ortho-alkyl substituted nitro¬ 
benzenes 1028, and other related derivatives 102b . In 2-nitrobiphenyl, a 
bathochromic shift is found due to increased conjugation 103 . 

Recently, the correlations of the electronic ion absorption spectra 
with the substituent constants and other structural parameters have 
been reported for a number of nitrobenzene derivatives such as 4- 
substituted 2-nitroanilines 104 , mono-, di-, and trinitrobenzenes and 
toluenes 34 , 2,4-dinitrophenylhydrazone derivatives of substituted 
acetophenones 105 , and various nitrobenzene derivatives 106,107 . The 
position of the n -> tt* transition band of the nitro group has been 
reported in some nitro derivatives by Kiss and Horvath 108 . 

The wavelengths corresponding to the absorption maxima of 
Aara-halogen substituted benzene derivatives are in the order 
I > Br > Cl > F 85 . This is exactly in the reverse order to the 
normally expected trend based on the resonance parameters of the 
halogen substituents. Schubert and coworkers 109 have studied the 
ultraviolet absorption spectra of ^am-halonitrobenzenes and para- 
haloanisoles, and have interpreted the results in terms of the 
polarizability of the halogen substituents. Schubert and Robins 110 
have also examined the spectra of para-alkyl nitrobenzene and 
found that the neopentyl group is the most effective electron-releasing 
alkyl group, possibly due to its greater polarizability or to the relief 
of the strain on excitation (Table 11). 


Table 11 . Principal absorption bands of 
alkylnitrobenzenes in the near ultraviolet region 110 . 


/,-rc 6 h 4 no 2 

R 

Gas phase 
^max’ 

Heptane 

^max’ 

H 

239.1 

252.3 

ch 3 

250.2 

264.1 

ch 3 ch 2 

251.0 

265.0 

GH,GH,GH„ 

251.6 

265.5 

(CH„),CHCH, 

252.5 

266.3 

(CH 3 ) 3 CCH 2 

253.2 

267.4 
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A number of papers have appeared in recent years on the ultra¬ 
violet absorption spectra of aromatic nitro compounds: nitro- 
halophenols 111 , vinyl ethers of nitro and halonitrophenols 112 , nitro- 
anthranilic acid and its derivatives 113 , nitrobenzoic acids 114 , ethyl 
nitrobenzoates 116 , aromatic nitroamino compounds (nitroanilines, 
di-, and trinitroanilines, etc.) 118-119 , 4-nitroazoxybenzene, 120 1,2- 
diphenyl-3-nitrocyclopropene 121 ,4-substituted 2-nitrophenylazides 122 , 
A-(a)-2,4-dinitrophcnyl-sulfonylamino acids 123 , 5-nitrofuryl poly¬ 
enes 121 , substituted nitroformaldehyde phenylhydrazines 125 , and 
IV-nitrobenzamides 126,127 . 

The ultraviolet absorption data on nitropyridines have been 
reported 128 as, 2-N0 2 , A max 292 m/u (e max , 4000); 3-N0 2 , A max 242 m/j, 
(e max , 6000); and 4-NO a , 7, max 282 m/j, (e max , 2700). The inductive 
effect of the nitro group lowers the energy of the lowest unoccupied 
antibonding tt orbital to a greater extent in the 4-position than in 
the other two 128 . The energy of the highest occupied tt orbital, on 
the other hand is lowered to a greater extent in the 2 and 3 positions 
than in the 4-position. The expected blue shift arising from the nitro 
group in the 2- or 3-position of pyridine, due to the inductive effect, 
is not observed except in 3-nitropyridine. This may be because the 
conjugative effect may predominate over the inductive effect in the 
other two derivatives 129 . Absorption spectra of nitropyridines and 
aminonitropyridines have been studied both experimentally and 
theoretically by Favini and coworkers 130 . 

Electronic absorption spectra of nitrofurans 131 , nitration products 
of chlorofuroxans 132 , nitroisoxazoles 133 , iV-nitropyrrolidones 134 , mono- 
nitro derivatives of thiophene analogs of chalcones and dibenzylidene- 
acetone 135 , and /wra-nitrophenetole 136 have been reported in the 
literature. 


C. Nitro derivatives and analysis 

2,4-Dinitrophenylhydrazones are often prepared as derivatives 
of carbonyl compounds. The electronic absorption spectra of 
2,4-dinitrophenylhydrazones are of great use for the qualitative and 
quantitative analysis of carbonyl compounds 85 . 2,4-Dinitrophenyl- 
hydrazones of saturated carbonyl compounds (aldehydes and ketones) 
absorb at ~360 mju (e max 20,000) while those of a,/?-unsaturated 
derivatives absorb at ~380 mju (e max 25,000). Data on the DNPH 
derivatives have been given by Gillam and Stern 137 as well as 
Phillips 138 . There are several papers in the literature dealing with 
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the analysis of aldehydes and ketones employing the electronic 
absorption spectra of the DNPH derivatives 189 140 . The molecular 
weights of aldehydes and ketones can also be determined by employ¬ 
ing the ultraviolet absorption of 2,4-diriitrophenylhydrazones 85 . 

Alcohols are often determined by making use of the ultraviolet 
absorption (A max -—'253 m//) of alkyl nitrobenzoates 141 . The molecu¬ 
lar weights of saturated alcohols can be determined by employing 
the absorption data of /3-2,4-dinitrophenylpropionyl esters 142 
(A max 242 m/x, s max 14,000). 

Methods of determination of 5-nitrofurans 148 , nitrofurazone 144 , 
5 -nitro-2-fttr aldehyde semicarbazone 145 , nitroarginine in synthetic 
polypeptides 148 and trypsin and chymotrypsin as para -nitroanilide 
derivatives 147 by utilizing the electronic absorption data have been 
described in the literature. 


D. Solvent effects 

Balasubramanian and Rao 148 have studied the effects of non¬ 
polar, polar, and proton-donating solvents on the n -*■ -rr* transition 
of nitromethane exhaustively. The shifts of the absorption maximum 
in non-polar and polar solvents have been related to the electro¬ 
static interaction between the solute and solvent molecules employing 
the theory of McRae 149 . In solvents which can donate protons, 
however, the solvent-shifts are mainly determined by hydrogen 
bonding between the solvent and the solute molecules. The dipole 
moment of nitromethane in the electronically excited state has been 
estimated to be 2.13 debye compared to 3.1 debye in the ground 
state. 

Nitrobenzene shows appreciable solvent red shifts of the principal 
v —> tt* band in polar solvents: 

solvent water ethanol heptane vapor 

A max , m .p 265.5 258 252 240 

The increased ease of excitation in polar solvents is probably due 
to the solvation of the excited state; the excited state is likely to have 
a dipolar quinoid structure 84 . 

Abe 150 has studied the effect of solvent on nitro-, dinitro-, and 
trinitrobenzenes. Solvent effects on the ultraviolet absorption of 
jiara-substituted nitroanilines have been studied by Utley 161 and 
Pearson 162 . These authors have discussed the various factors causing 
the solvent shifts and correlated the solvent shifts with parameters 
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such as dielectric constants and Z-values. Crandall and Olguin 158 
have studied solvent effects on the electronic absorption spectra 
of a number of substituted nitrobenzenes and correlated the observed 
red shifts in polar solvents with substituent constants. 


£. Acid-base equilibria 

Study of the electronic absorption spectra and acid base equilibria 
of nitro compounds have yielded very interesting results. The 
protolytic equilibria of nitroalkanes have been examined 154 and the 
spectra of the aci-tautomers have been derived. The aci-tautomers 
show small blue shifts compared to the corresponding anions. The 
aci forms are stronger acids in the excited state than in the ground 
state 154 . Absorption spectra of 1,1-dinitroalkanes and trinitromethane 
determined at different pH values of the media do not show evidence 
for the aci forms 89 . 

Absorption spectra of nitrobenzene, dinitrobenzene, and nitro- 
phenols have been recorded as a function of the pH of the media 165 . 
Dissociation of trinitromethyl carbinols in aqueous solution has been 
determined by electronic absorption spectroscopy 156 . 

The frequencies of the long wavelength bands of a number of 
4-substituted 2-nitrophenols (A max ~345 m/x) and of the corre¬ 
sponding phenolate ions (A max ~420 m/x) have been correlated with 
Brown’s <r + constants 157 . Similar studies have also been carried out 
with 5-substituted 2-nitrophenols, but the A v-a + correlation is not 
satisfactory for these derivatives 158 . Absorption spectra of nitro- 
naphthols in basic and acidic media have been studied and 
the absorption of the anions (A max 440 m/i) and the acid forms 
characterized 169 . The equilibria involved in the solution of para- 
nitroaniline in aqueous sodium hydroxide have been studied 
spectrophotometrically and the results correlated with the acidity 
functions 160 . The spectra of ortho- and jtara-nitroanilincs, 2,4-,3,5-, 
and 2,6-dinitroanilines, as. well as ortho-, meta-, and para- nitro- 
acetanilides have been studied in liquid ammonia in the presence 
of acid (and base); the nature of the equilibria has been established 161 . 

The differences between the absorption frequencies, Av, in neutral 
and alcoholic solutions of the long wavelength absorption bands of a 
number of 2,4-dinitrophenylhydrazones of aldehydes and ketones 
have been correlated with the substitutent constants 162 . The approxi¬ 
mate p K values of the carboxyl group in 2,4-dinitrophenylamino 
acids have been determined by spectrophotometry 163 . Dissociations 
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of 5-nitro-1,10-phenanthroline 164 , of nitro derivatives of benzan- 
thrones 166 , and of 2-hydroxypyridines 186 have been examined by 
employing electronic spectroscopy. 

u 

F. Ions 

The electronic absorption spectra of the anions of a few primary 
and secondary nitroalkanes have been investigated 167 . All the 
anions show a broad intense band (e > 9000) with maxima between 
223 and 284 m/x. The variations in the A max values have been inter¬ 
preted in terms of a simple model based on molecular orbital 
calculations. The ultraviolet absorption spectra of 1,1-dinitroalkane 
salts have been correlated with electronic and steric effects of sub¬ 
stituents 168 . Where the steric effects were constant, the wavelengths 
could be correlated with Taft’s a* constants. The spectra of N- 
(2,4-dinitrophenyl)imidazolium salts have been reported (A max 350- 
400 m^) 169 . 

The absorption spectra of the anion radical PhNO^, produced by 
the electrolytic reduction of nitrobenzene shows five peaks in the 
390-450 m/x region 170 . The long wavelength absorption maxima of 
the radical anions of a few aromatic nitro compounds have been 
reported by Kemula and Sioda 171 along with the polarographic 
half-wave potentials. Nagakura and coworkers 172 have found bands 
at 292 and 560 m/x for the nitrobenzene anion produced by metal 
reduction (Figure 7) and bands at 302, 607 and 875 m/u for the 
nitrotoluene anion. The spectral results have been discussed on the 
basis of the electronic structure. 



\ (mM) 

Figure 7. Electronic absorption spectrum of nitrobenzene radical anion 172 . 

Abe 160 - 173 has studied the absorption bands of nitro-, dinitro-, and 
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trinitrobenzene derivatives in alkaline solutions. Trinitrobenzene 
gives rise to a red color on treatment with sodium hydroxide and 
the spectrum resembles that of tetryl, thus lending evidence for 
Meisenheimer’s structures. The spectrum of picric acid does not 
vary with solvent appreciably indicating complete dissociation in all 
the solvents. The visible spectra of a series of Meisenheimer com¬ 
pounds have been reported 174 and the results are compared with 
those of mixtures of 1,3,5-trinitrobenzene and sodium methoxide. 
Electronic absorption spectroscopy has been employed to study the 
interaction of aromatic nitro compounds (which are electron ac¬ 
ceptors) with bases 175 . The studies have been of value in establishing 
the formation of complexes in these donor-acceptor systems. Visible 
absorption spectra of 2,4-dinitrophenylhydrazones in alkaline media 
have been investigated and their utility in quantitative estimations 
has been pointed out 176 . 

The electronic absorption spectrum of the 3-nitropyridine anion 
radical shows bands at 304 and 460 m n\ assignments of these bands 
have been made 177 . 

IV. MICROWAVE SPECTRA 

The microwave spectrum of nitromethane has been examined by 
Dailey and Wilson 178 , Bak and coworkers 179 , and Erlandsson 180 , and 
the data on the relative intensities and Stark effects are available. 
More recently, the assignments for J — 1 to J = 2 and J = 2 to 
J = 3 transitions of nitromethane have been assigned by Tannen- 
baum and coworkers 181 for CH 3 N0 2 and CD 3 N0 2 . The best values 
of rotational constants of B and C are found to be 10,542.7 and 
5876.6 Mc/sec for CH 3 N0 2 and 8697.1 and 5254.3 Mc/sec for 
CD 3 N0 2 . The rotational constant for the N0 2 group about the 
symmetry axis is 13,277.5 Mc/sec, while the barrier to internal 
rotation (V 6 ) is 6.03 cal/mole for CH 3 N0 2 and 5.19 cal/mole for 
CD 3 N0 2 . The microwave spectrum of methyl nitrate has also been 
studied recently 182 . 

The microwave spectrum of nitrobenzene has been studied 183 and 
the moments of inertia are found to be I a ° — 126.0; T & ° = 393.7 and 
I c ° = 518.8 amu A 2 , and the molecule is planar as expected. 


V. NUCLEAR MAGNETIC RESONANCE SPECTRA 

Chemical shifts of protons in nitroalkanes have been explained in 
terms of the inductive effect of the N0 2 group and the effect of 
diamagnetic anisotropy of the C—C bonds 184 . The inductive effect 
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of the NO a group operates as far as the fourth carbon atom in the 
chain. The ranges of chemical shifts for various types of protons in 
nitroalkanes are quite narrow (Table 12). The nuclear magnetic 
resonance spectra of 3-nitropropene and 1-nitropropene and the 
analysis of their mixtures have been reported 185 . A good correlation 
has been found between the electronegativity of the substituents 
and the three proton coupling constants of the vinyl group in 
compounds of the type CH 2 =CHX; when X = N0 2 , the coupling 
constants 186 were: J gem , -2.0; J cia , 7.6; and ./ tranB) 15.0 c.p.s. 


Table 12. Proton chemical shifts in nitroalkanes. 



T a 


T a 

ch 3 no 2 

5.72 

CH 3 (CH,) d CH,N0 0 

5.70 

ch 3 ch 2 no 2 

5.62 

CH 2 (N0 2 ) 2 

3.90 

gh 3 gh 0 gh 2 no 2 

5.70 

ch 3 ch(no 2 ) 2 

3.72 

ch 3 (ch 2 ) 2 ch 2 no 2 

. 5.67 

ch 3 ch 2 ch(N0 2 ) 2 

3.83 

ch 3 (ch 2 ) 3 ch 2 no 2 

5.70 

CH(N0 2 ) 3 

2.48 


a TMS reference; r of protons on the carbon adjacent to NO a 


The nmr spectra of aci-nitroanions have been examined 187 and 
the equilibrium, RCH 2 N0 2 + B~ RCHN0 2 ~ + HB, has been 
shown to lie far to the right; NMR spectroscopy is thus found to 
be useful in the study of nitro compounds and their anions. The 
nmr spectra of a-nitrocycloalkanones as well as their salts have 
been studied 188 . These results along with the infrared and the ultra¬ 
violet data have been of value in the study of enolization of a-nitro- 
ketones. 

Conformational preference of the N0 2 group in nitrocyclohexane 
has been studied by recording the nmr spectra in different media and 
the conformational free energy difference has been estimated to be 
~0.8 Kcal/mole 189 . The (equatorial/axial) equilibrium constant 
for 4-f-butyl-l-nitrocyclohexane was found to be ~5.7 ± 1.5 by 
measurement of the line widths of the signals due to the methine 
proton (on the carbon atom holding the N0 2 group) 190 . The 
conformational equilibria of nitrocyclohexane (1) and m-4-methyl- 
nitrocyclohexane (2) have been investigated by nmr spectroscopy 
by Franklin and Feltkamp 191 who have calculated the conformational 
free energy of the nitro group to be 1.3 Kcal/mole in the latter 
compound. Some of the data given by these workers on 1, 2 as well 
as cis- and tra/zj-4-<-butylnitrocyclohexanes (3 and 4 ) are given in 
Table 13. 


108 


G. N. R. Rao 


Table 13. Proton chemical shifts in nitrocyclohexane derivatives 181 . 


Compound 

Mc/s 

Solvent 

a-Proton 

chemical 

shift 

r 

Band width 
(in c/s) 

Coupling constants 
(in c/s) 

Jaa, J ae 

X 

60 

GDClg 

5.59 

27.2 



1 

100 

CDClg 

5.62 

29.0 

10.35 

4.20 

3 

60 

CDClg 

5.47' 

13.0 



3 

100 

CDGlg 

5.30 

13.0 



3 

100 

cs 2 

5.63 

12.5 



4 

60 

CDGlg 

5.69 

31.0 

11.5 

4.0 

4 

100 

CDGlg 

5.69 

31.1 

11.55 

4.03 

4 

100 

cs 2 

5.86 

31.0 

11.5 

4.0 

2 

60 

CDGlg 

5.53 

19.0 



2 

100 

CDClg 

5.53 

19.2 



2 (25°) 

100 

cs 2 

5.70 

19.0 



2 (-80°) 

100 

cs 2 

5.63 

13.0 






5.82 

— 




In 2-nitro-l,3-cyclohexanediol, the N0 2 group has been shown to be 
in the equatorial position and trans to both the OH groups by a 
study of the nmr spectrum of the acetate 192 . 

The stereoisomers about the C=N bond in 2,4-dinitrophenyl- 
hydrazones and semicarbazones of ketones have been examined by 
nmr spectra 183 . The ot-hydrogens syn to the anisotropic group are 
shielded while the /? and y-hydrogens syn to the anisotropic group 
are deshielded. The magnitude of the chemical shifts between the 
syn and the anti protons is nearly independent of the solvents. The 
proportions of syn and anti isomers have been determined by inte¬ 
grating the areas under the appropriate nmr signals. The tetra-o- 
acetyl derivative of dinitroinositol shows an equal intensity doublet 
due to the protons of the acetoxy group and four equal intensity 
doublets displaying large splitting due to axial-axial spin coupling. 
The signal of the two equivalent protons of the molecule is split by 
the spin-spin interaction with the two adjacent axial protons giving 
rise to 1:2:1 triplet for the equatorial protons 181 . 

The nmr spectrum of nitroethylene has been reported and the 
protons cis to the nitro group appear at lower field (0.68 ppm) than 
the protons trans to the nitro group 185 . The nmr results of substituted 
benzenes correlate with the expected -tt electron densities in the para 
position 186 . For nitrobenzene the shielding parameters are: o, 
— 0.93; m, —0.21; and p, —0.33 ppm. The coupling constants and 



Spectroscopy of the Nitro Group 


109 


chemical shifts at infinite dilution in cyclohexane for /wa-substituted 
nitro benzenes system) 197 are summarized in Table 14. The 

ring proton chemical shifts in polysubstituted benzenes have been 
reported with an accuracy of 0.1 ppm, as simple sums of substituent 
shielding constants, except in the case of ortho substituents; the nmr 
data of the nitro derivatives also fit into this correlation 188 . The 13 C 
coupling constants in some nitrobenzene derivatives have been 
measured 188 : 2,4,6-trinitrophenol (acetone), Jj 3oH = 175.8 ± 0.5; 
2,6-dinitro-4-chlorophenol (ether), J 13oh , 174.1 ± 0.4; 2,6-dibromo-4 


Table 14. Coupling constants and chemical shifts in the proton resonance spectrum of 
substituted nitrobenzenes. 197 


^-Substituents 

Shifts 0 (ppm) 

J 

j 

Coupling cps 

J A J ii 

nh 2! no 2 

0.677 

-0.627 

+ 9.0 

+0.3 

+2.6 

+2.3 

OMe, NO a 

0.380 

-0.887 

+ 9.0 

+0.3 

+2.7 

+2.7 

Gl, NO a 

-0.160 

-0.870 

+8.7 

+0.3 

+2.8 

+2.2 

Br, NO a 

-0.330 

-0.783 

+ 8.9 

+0.4 

+2.6 

+2.2 

no 2 , no 2 
ch 3 , no 2 

-1.147 

0.035 -0.825 

+8.5 

+0.4 

+2.3 

+2.1 


a benzene reference 


nitrophenol (acetone), Jis KC , 172.2 ± 0.4, and 1,3,5-trinitrobenzene 
(acetone), ./i 3ch , 179.5 ± 1,5 c.p.s. The nmr spectrum of 1- 
fluoro-2,4-dinitrobenzene has been analyzed in detail 200 . 

The proton magnetic resonance spectra of several methyl- 
nitronapthalenes, /j-nitrotolucne, and nitroyfr-xylcne have been 
determined 201 ; the N0 2 group has little effect on the chemical 
shift of the CH 3 group. The anisotropy of the a-nitro group has been 
found to have a dominant effect on H 8 shifts of the naphthalene and 
is expected to be responsible for about half the adjacent proton 
shifts. The nmr spectra of dinitronaphthalenes have been examined 202 
and the effect of the N0 2 group on the ring proton shifts discussed. 
The nmr spectra of isomeric nitrotoluidines and para -nitroaniline 
have been determined 203 . The conformation of JV-methyl-2,4,6- 
trinitroaniline (5) and iV-methyl-2,6-dinitroaniline as well as their 
analogous iV-diphenylamino compounds have been studied by 
recording the nmr spectra at various temperatures 204 . The 3- and 5- 
phenyl protons are nonequivalent at low temperature, but become 
equivalent at sufficiently high temperatures. The coalescence of the 
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AB quartet of the picryl protons with temperature in 5 and 2,2- 
diphenyl-l-picrylhydrazone has been observed. The life times of 
the ground state configurations, and the activation energy have 
been determined. The chemical shifts of the formyl protons of 
nitrobenzaldehyde 205 and alkoxy groups in some nitro substituted 
aromatics 206 have been reported. 

The 14 N chemical shifts in the nmr spectra of nitro compounds have 
been measured 207 ; the signals were sharp in the case of aliphatic 
derivatives and show dependence on the electronegativity of the 
substituent. Some data are given in Table 15. The 14 N chemical 


Table 15. 14 N Chemical shifts in aliphatic nitro compounds. 


Chemical shift (ref. CH 3 N0 2 ) a 

Compound 

cps ± 2 

p.p.m. ± 0.5 

Half width 
c.p.s. + 2 

ch 3 no 2 

0 

0 

24 

CH,CH„NO, 

-49 

-12 

30 

gh 3 (gh 2 ) 2 no 2 

-41 

-10 

35 

ch 3 (ch 2 ) 3 no 2 

-41 

-10 

49 

CH 3 (CH 2 ) 4 N0 2 

-40 

-10 

56 

ch 3 (ch 2 ) 5 no 2 

-42 

-10 

57 

(ch 3 ) 2 chno 2 

-96 

-24 

38 

Nitrocyclohexane 

-80 

-20 

92 

(CH 3 ) 2 (C1)CN0 2 

-53 

-13 

35 

(ch 3 ) 3 cno 2 

-125 

-30 

43 

CH(N0 2 ) 3 

+ 152 

+35.5 

11 

C(N0 2 ) 4 

+206 

+48 

10 


° 4.3 Mc/sec at 26°. 


shifts were concentration dependent. Increase in the positive induc¬ 
tive (+1) effect shifts the NO a signal to lower fields. It is possible to 
distinguish among primary, secondary, and tertiary nitroalkanes 
on the basis of 14 N shifts 207 . The 14 N shifts of a number of organic 
nitro compounds have been determined in dilute solutions in low 
viscosity solvents 208 . 

The 16 N chemical shifts of a number of nitro compounds have been 
recently reported 209,210 . In nitrobenzene, the diamagnetic contribu¬ 
tion is 490 p.p.m. and the chemical shift is 372 p.p.m. (downfield 
from external anhydrous ammonia, operated at 6.08 Me. p.s. and 
14,100 gauss). In /;-nitroanilinc, the 15 N shift appears to have an 
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extra paramagnetic contribution, since it does not fit the correlation 
with 13 C and 19 F chemical shifts 210 . The 16 N chemical shifts of a few 
^ara-substituted nitrobenzenes relative to nitrobenzene are listed 
in Table 16. 

Table 16. 15 N Chemical shifts in para- 
substituted nitrobenzenes. 


Substituent 

Chemical shifts® 
p.p.m. 

nh 2 

4.38 

OMe 

4.38 

F 

3.57 

NHCOCH, 

3.07 

Cl 

2.09 

Br 

1.32 

H 

0.00 

CN 

-2.58 

no 2 

-3.85 


a In 15 mole % solution in DMSO. A 
positive shift indicates a shift upheld from 
nitrobenzene. 


Solvent effects on the proton resonance spectra of nitrobenzene, 
nitromethane, and substituted nitrobenzenes have been reported in 
the literature 211 "" 213 . 


VI. LITERATURE ON THE SPECTROSCOPIC DATA 
OF SOME ASSORTED NITRO COMPOUNDS 

There are innumerable reports in the recent literature on nitro 
compounds where the spectroscopic data on infrared, electronic 
and nmr spectra or of any two of these have been recorded and it is 
by no means possible to list all of the references in this section. Only 
a few are listed here: nitrodienes and nitroenynes 214 , spiro Meisen- 
heimer compounds related to 2,4,6-trinitrobenzene 215 , the reaction 
products of isophyllocladene with diazotized 2,4-dinitroaniline 216 , 
nitropyridinium salts 217,218 , nitrosteroids 219-222 , nitrocamphor an¬ 
hydride 223 , 4-nitrobenzyl cyanide in alkaline media 224 , JV-nitro- 
amides and carbamates 50 , nitrotryptophans 225 , iV-nitrobenzamides 226 , 
dinitroacetonitrile and its salts 227 , and Michael reaction products 
of nitroparaffins 228 . 
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VII. SPECTROSCOPIC STUDIES OF HYDROGEN BONDING 
AND KETO-ENOL EQUILIBRIA 

There has been considerable evidence based on spectroscopic 
investigations that the nitro group can act as a proton acceptor 
in hydrogen bonding. Recently, Schleyer and coworkers 229 have 
reviewed the literature up to 1964 on hydrogen bonding of the nitro 
group. The hydrogen bond interaction of the nitro group is generally 
weak except in the case of o-nitrophenol and its analogs. The intra¬ 
molecular hydrogen bonding in o-nitrophenol is a special case where 
the high strength of the hydrogen bond results from resonance 
stabilization. The Ar 0H in the infrared spectrum of o-nitrophenol 
is ~400 cm -1 in contrast to the Ar 0H of ~80 cm -1 found for the 
interaction of nitrobenzene with phenol. 

Infrared studies of Ungnade and coworkers 230,231 on jS-nitro- 
alcohols and diols in solutions showed that they exist mainly in 
the monomeric state; the observations of these workers will now be 
summarized. /3-Nitroalcohols are nearly monomeric in chloroform 
solution. They are partially associated in carbon tetrachloride. The 
association constants in carbon tetrachloride increase with the num¬ 
ber of nitro groups. Apparently the tendency for hydrogen bonding in 
these compounds is related to the electron deficiency on the carbon 
holding the hydroxyl group. The spectra show free hydroxy and 
sharp nitro stretching bands indicating the presence of non-bonded 
species. Some hydrogen bonding with solvent chloroform seems to 
occur. In the solid state, however, there is appreciable intermolecular 
hydrogen bonding. The diols show slight lowering of the hydroxyl 
frequency probably due to association. The positions of v aa and v s 
bands in /3-nitroalcohols and diols are mainly determined by the 
degree of substitution on the carbon holding the nitro group. 
Nitromethane inhibits hydrogen bonding in alcohols. The abnormal 
ultraviolet absorption spectra of /S-nitroalcohols may be discussed in 
terms of specific interaction-between solute and solvent molecules. 

Schleyer and coworkers 229 have criticized the conclusions of 
Ungnade and coworkers 230,231 and have found that the failure to 
observe bonded OH peaks in /9-nitroalcohols by these workers was 
due to the poor resolution of the instrument employed (NaCl prism). 
The effect of addition of CH 3 N0 2 on the spectra is mainly because 
of the formation of new hydrogen bonds between nitromethane and 
the alcohols. The Ar 0H values depend markedly on the concentration 
of the proton acceptor (nitro compound) 229 . 
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Based on the ultraviolet absorption spectra of m- and />-nitro- 
phenols, as well as nitroanilines in the vapor state and in several 
solvents, existence of intermolecular hydrogen bonding has been 
proposed 232 . The ultraviolet spectra of 4-nitro-4'-aminodiphenyl- 
methane and its methyl derivative show that two forms of association 
can occur in solution namely layer type association and head to tail 
linear association 283 . 

The infrared absorption spectra of the a- and ^-modifications of 
yj-nitrophenol have been examined 234 . Stanevich 236 has examined 
the far infrared absorption spectra (in the 20-240 cm -1 region) of 
phenol, ortho-, meta-, and />ara-nitrophenols, 2,6-dinitrophenol, and 
2,4-dinitrophenol in the crystalline and liquid states. In phenol 
and meta-, and /wra-nitrophenols, the O • • • O bond stretching 
vibration frequency in the solid state has been found at .—'175, ~125 
and ~99 cm 1 respectively. The intermolecular hydrogen bond 
stretching vibration frequency of phenol comes down to 137 cm' 1 in 
solution phase. 

By examining the effects of various hydroxylic solvents on the 
band due to the n -> it* transition of nitromethane, Balasubramanian 
and Rao 148 have related the solvent blue-shifts to the energies of the 
hydrogen bond formed between the nitro and the hydroxyl groups. 
In a series of nitroalkanes (RN0 2 ) studied, the solvent blue-shifts 
in a given hydroxylic solvent varies in the order Me > Et > z'-Pr > 
t-Bu. For any given nitroalkane, the blue shift in alcohol (ROH) 
solvents varies in the order, CF 3 CH 2 > Me > Et > z’-Pr > f-Bu. 
Based on these studies, it can be concluded that the nitro group forms 
hydrogen bonds with alcohols, although the strength is appreciably 
weaker than in the corresponding carbonyl compounds. The hydrogen 
bond energies of nitro compounds with alcohols are likely to be 
of the order of 1.5 Kcal/mole. 

By making use of the Ar 0H of nitromethane in phenol (CC1 4 
solution) and the relation between Ar 0H and A77° of Singh, Murthy, 
and Rao 236 , the A/7° has been estimated to be ~2.5 Kcal/mole. 
Recently, Ungnade and coworkers 237 have investigated hydrogen 
bonding between the nitro group and the alcoholic hydroxylic group 
employing infrared and nuclear magnetic resonance spectroscopy 
and have concluded that a weak hydrogen bond is formed in these 
systems. /i-Nitroalcohols and their derivatives have been found to 
form hydrogen bonds with dioxane, from a study of the nitro group 
frequencies in the infrared spectra 81 . Evidence has been presented 
for the association of /j-nitrophenol by the study of the electronic 
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spectra in cyclohexane and ether solvents 238 . Ether breaks the inter- 
molecular hydrogen bonds caused by the self-association of nitro- 
phenol and forms new hydrogen bonds by acting as a donor. The 
effect of addition of ether is seen in terms of a bathochromic shift 
of the 280 m^ band of/)-nitrophenol; />-nitroanisole, as expected, 
does not show any appreciable difference in the spectra in ether 
and cyclohexane. 

The equilibrium constants and frequency shifts, Ar 0H , for the 
hydrogen bond interaction of nitromethane with a number of hind¬ 
ered alcohols and phenols have been reported by Singh and Rao 239 . 
The equilibrium constants vary between 0.1 and 2.0 liter/mole while 
the Ai» oh varies between 7 and 70 cm" 1 . Hydrogen bonding between 
m-, and />-nitroanilines and acetone has been examined by infrared 
spectroscopy 240 . 

The infrared spectra of nitroalcohols have indicated that the 
structure of these compounds are best represented in terms of intra¬ 
molecular hydrogen bonds between the hydroxyl and the nitro 
groups 241 . Kuhn and coworkers 242 have found the bonded hydroxyl 
band of/3-nitroethanol at 3608 cm" 1 as compared to the free hydroxyl 
band at 3623 cm" 1 ; they have proposed the gauche form for the 
compound which is stabilized by a weak intramolecular hydrogen 
bond. Urbanski 243 has examined the ultraviolet spectra of a number 
of nitroparaffin derivatives containing a hydroxyl and/or an amino 
group, but failed to find the 270 m/j, (n —► n*) band of the nitro 
group. This observation has been explained in terms of intramolec¬ 
ular hydrogen bonds between the nitro and the hydroxyl or the 
amino groups. Ungnade and coworkers 230,231 questioned the presence 
of intramolecular hydrogen bonds in ^-nitroalcohols, but the recent 
study of Schleyer and coworkers 229 has clearly confirmed the 
existence of intramolecular hydrogen bonds in /S-nitroalcohols as 
well as in diols. 

As pointed out earlier, the presence of a strong intramolecular 
hydrogen bond in o-nitrophenol is well known. The hydroxyl stretch¬ 
ing band in this compound is shifted to much lower frequencies 
( Av oh ~ 400 cm -1 ) due to the high strength associated with the 
resonance-stabilized hydrogen bond. Intramolecular hydrogen 
bonds in o-nitrophenol and related derivatives have been examined 
by Dabrowska and Urbanski 244 by employing infrared spectroscopy. 
The infrared OH frequencies and nmr chemical shifts of the OH 
protons of nitrophenols have been correlated 245 . The dependence 
of the chemical shift on the concentration of the compounds in 
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solution has also been studied. The stability of the hydrogen bonds 
in o-nitrophenols in different solvents has been examined by infra¬ 
red and electronic spectroscopy 246 . 

The intramolecular hydrogen bonding in o-nitroanilines has been 
examined by Dyall and Hambly 247 , and Urbanski and Dabrowska 248 . 
Moritz 249 has discussed the assignments of the NH stretching band 
in the overtone region of o-nitroaniline. In o-nitroaniline, the major 
effect due to the intramolecular hydrogen bonding is found in the 
shift of the jjym-NH 2 stretching vibration to a lower frequency 247,248 - 250 
and of the asymmetric stretching band to a slightly higher fre¬ 
quency 260 . The effect of solvents on the NH 2 stretching band of 6- 
nitroaniline has been examined and the shift of the NH 2 symmetric 
band to lower frequencies is found to vary in the order, pyridine > 
dioxane > acetone 251 . The equilibrium between intramolecularly 
hydrogen bonded and solvent bonded species in o-nitroaniline has 
been studied by infrared spectroscopy in pyridine solutions 252 . In 
o-nitroaniline only one amino hydrogen is bonded to pyridine. In 
o-nitro-iV-methylaniline both intramolecular hydrogen bonded 
species and pyridine bonded species were present 251 . In 2-nitrophenol 
and 2,6-dinitrophenol, the O • ■ • O stretching vibration frequencies 
have been found around 100 cm -1 236 . 

By the measurement of the frequencies and intensities of the 
fundamental hydroxyl stretching bands and of its first and second 
overtones of o-nitrophenol, it has been shown that the strong 
hydrogen bonding causes increased mechanical anharmonicity 263 . 
The mechanical anharmonicity seems to be less in weaker hydrogen 
bonds. The hydrogen bond interaction in o-nitrophenol and o- 
nitroaniline have been treated theoretically by Zubkova and co- 
workers 254 by the calculation of the electronic energy levels and spectra. 

A study of the infrared and ultraviolet spectra of a number of 
2,4-dinitrodiphenylamines in different solvents has shown that these 
compounds are non-planar in many solvents and has also indicated 
the presence of an intramolecular hydrogen bond 266 . The hydrogen 
bond is rendered strong in these compounds by the presence of the 
para -nitro substituent which increases the positive charge on the 
amino group. Pinchas 268 and Forbes 267 have studied the infrared, 
ultraviolet and nuclear magnetic resonance spectra of o-nitro- 
benzaldehyde and related compounds and have concluded that the 
aldehydic G—H forms an intramolecular hydrogen bond with the 
oxygen of the nitro group. The hydrogen bond strength is estimated 
to be about 2 Kcal/mole. 
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Intramolecular hydrogen bonding in 2,6-dichloro-/>nitrophenol 
has been examined by microwave absorption studies 258 . The stereo¬ 
specific nature of the long range spin coupling between aldehydic 
protons and ring protons has been used to determine the direction 
of the intramolecular hydrogen bond in 3-nitro- and 5-nitrosalicyl- 
dehyde 259 . Fairly strong intramolecular hydrogen bonding has been 
shown to be present in o-nitroamides by a study of the infrared and 
electronic spectra 260,261 . Hydrogen bonding of aromatic nitroamides 
has been examined by electronic spectra in several solvents. Raman 
and dipole moment studies of nitroaminobutadiene derivatives have 
shown that these molecules exist in cyclic hydrogen bonded struc¬ 
tures 262 . 

Infrared, nuclear magnetic resonance and electronic spectral 
studies by Feuer and Pivawer 188 of 6-, 8-, and 10-membered a- 
nitrocyclanones have shown a high degree of enolization. All these 
compounds show additional bands in the double bond region 
(1613 and 1515 cm -1 ) due to the C=C and conjugated nitro group 
stretching vibrations. 

The infrared spectrum of 3-nitro-4-hydroxypyridine shows 
evidence for the presence of the pyridone form in high proportion 263 . 
Although the spectral data do not indicate any abnormal structure 
of 4-nitro-2,6-di-f-butylphenol a suggestion has been made that there 
may be facile tautomerism between the phenol and the quinoid 
forms 264 . 

VIII SPECTRA OF CHARGE-TRANSFER COMPLEXES 

The study of the interaction of various types of electron donors 
with acceptors has been a subject of intense investigation in recent 
years 265-268 . Charge-transfer interaction between donors and ac¬ 
ceptors generally give rise to new bands in the electronic spectra 
and the charge-transfer energy (hv c t ) is related to the ionization 
potential of the donor and electron affinity of the acceptor. Many 
polynitro compounds are good electron acceptors. A large number of 
publications have described the electronic and infrared spectra of 
charge-transfer complexes with polynitro compounds as electron 
acceptors. The subject has been reviewed recently by Mulliken 265,266 , 
Briegleb 267 , and Andrews and Keefer 268 . In this section, the impor¬ 
tant highlights of the spectra of charge-transfer complexes of nitro 
compounds will be briefly reviewed. 

The charge-transfer absorption data along with the equilibrium 
constants for the interaction of a few benzene derivatives with 
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Wavelength, m/t 

Figure 8. Charge-transfer spectrum of naphthalene with .jym-trinitrobenzene 272 : (1) 
naphthalene (2) sym -trinitrobenzene (3) c.t. complex in CC1 4 . 


j>TO-t:rinitrobenzene (TNB) (see Figure 8 for a typical charge 
transfer spectrum) are given in Table 17. Briegleb and Czekalla 269 
have reported that the hv c t of these complexes vary linearly 
with donor ionization potentials (Figure 9) and have shown that 
the data can be correlated with the relation, 

y c . t . =i-c t + (cyz-co 


Table 17. Charge transfer interaction between sym-trinitrobenzene and 

aromatics 267 ' 268 . 


Acceptors 

K C° 

1. mole^ 1 

^max 

m/n 

£ da 

mole -1 cm -1 1. 

—AH 

Kcal mole -1 

Benzene 

0.82 

284 

9755 

1.71 

Toluene 

1.82 

306 

4350 

1.76 

o-Xylene "j 





m-Xylene [ 

2.08 

312 

4080 

2.16 

/)-Xylene j 





Mesitylene 

2.67 

335 

3270 

— 

Hexamethylbenzene 

5.7 6 

395 

2150 

4.71 

Naphthalene 

17.0 

365 

1365 

4.31 

Anthracene 

39.8 

460 

1333 

— 


® Solvent chloroform, temp. 25°; 6 solvent, CC1 4 . 
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70 8-0 9-0 

Ionization Potential 

Figure 9. Correlation of the charge-transfer transition energy of TNB aromatic com¬ 
plexes with ionization potentials of the donors. 

where C x and C 2 are 5.0 and 0.70 ev respectively. By simple molec¬ 
ular orbital calculations, it has been found that the charge-transfer 
transition energy of complexes of aromatics with TNB and 2,4,7- 
trinitrofluorenone show linear relations with energies of the highest 
filled donor orbitals 270 . A linear dependence of absorption intensity 
on the A c t of TNB complexes has also been reported. From a knowl¬ 
edge of the enthalpy of formation and the hv c i , the coefficients of the 
no-bond and dative wave functions in the ground state can be 
calculated in such weak complexes 267 . 

Solvent effects on the equilibrium constant and charge-transfer 
absorption of the TNB complexes with N, A-cl im ethyl aniline 271 and 
naphthalene 272 have been examined and some typical data are 
given in Table 18 for the TNB complexes of dimethylaniline. 


Table 18. Solvent effects on the charge transfer interaction between rjim-trinitrobenzene 
and A^iV-dimethylaniline 271 . 


Solvent 

Solvent dielectric 
constant, 20° 

l.mole 1 

4tax’ m f J ' 

e max’ 1 - mole 1 cm 1 

Cyclohexane 

2.07 

9.5 

470 

1300 

n-Hexane 

1.9 

8.2 

465 

1120 

n-Heptane 

— 

8.2 

466 

1180 

Decal in 

— 

7.2 

472 

1300 

Carbon tetrachloride 

2.25 

3.4 

484 

1340 

Chloroform 

4.5 

1.3 

486 

1140 

j'-Tetrachloroe thane 

— 

0.2 

492 

— 

1,4-Dioxane 

2.1 

0.15 

465 

— 
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Data on the complexes of a few substituted benzene derivatives 
with tetranitromethane are given in Table 19. 

The acceptor strength ofyym-TNB compared to the other acceptors 
is given by the order, Tetracyanoethylene > IG1 > TNB > 
picric acid > I 2 > /-Benzoquinone. Polynitro acceptors form in¬ 
creasingly stable complexes with K-alkylanilines as the number of 
nitro groups is increased 274 : nitrobenzene < ortho- and meta- 
dinitrobenzenes < para -dinitrobenzene < 1,3,5-trinitrobenzene. In 


Table 19. Equilibria between 
tetranitromethane and substituted 
benzenes 273 . 


Benzene substituents 

IC at 20.8°“ 

H 

0.007 

ch 3 

0.14 

«-(CH 3 ) 2 ) 


m-(CH 3 ) 2 

1.00 

A(CH 3 ) 2 J 


1,3,5-(CH 3 ) 3 

3.27 

1,2,4,5-(CH 3 ) 4 

4.10 

(ch 3 ) 5 

5.60 

(ch 3 ) 6 

7.81 


Solvent CC1 4 , measured at 430 


hexamethylbenzene complexes, the acceptor strength is in the order 276 : 
1,2,3,5-tetranitrobenzene > 1,3,5-trinitrobenzene > 1,3,4-trinitro¬ 
benzene > 1,2,3-trinitrobenzene. 

Various relations among the thermodynamic properties, A F°, 
A H° and A S° for the equilibria of charge-transfer complexes of TNB 
acceptors have been studied in detail 267,268 . The charge-transfer 
energy in TNB aromatic complexes has been correlated with the 
energy gap found by semiconduction measurements 276 . 

The formation of Meisenheimer structures by the reaction of TNB 
type derivatives with amines and other type of donors may be 
considered as charge-transfer reactions 173-176 ; the formation of such 
compounds is always associated with colors and marked changes in 
the electronic absorption spectra 268 . 

A crystallographic study of the 1:1 adduct of />-iodoaniline and 
ypn-TNB has shown that there is alternate stacking of donor and 
acceptor rings in parallel planes 277 . In solution phase also parallel 
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orientation of the planes of the aromatic donors and nitroarotnatic 
acceptors is found to occur 278 . The charge-transfer band in TNB- 
aromatic complexes has been found to be polarized along the 
intermolecular axis by a study of crystal spectra under polarized 
radiation 279 . It has been shown that capacity of a 7r-donor-nitro- 
aromatic complex to exhibit charge-transfer absorption is not 
greatly affected by changes in the orientation in the compounds 
with respect to each other 287 . 

The TNB complexes in glassy state at low temperatures exhibit 
emission spectra similar to the phosophorescence spectra of the 
donors 281 . These emission bands have been found to be the mirror 
images of the charge-transfer spectra 282 . A detailed discussion of the 
fluorescence and phosphorescence spectra of these complexes have 
been given by Briegleb 267 . 

The infrared spectra of weak complexes of aromatics with TNB 
appear essentially similar to the spectra of the free components, with 
minute changes in the intensities of the NH absorption in the case of 
aromatic amine donors 268 . In picric acid-amine salts, the NH 
frequency of the donor is lowered appreciably while the acceptor 
OH frequency is also perturbed. In naphthylamine complexes there 
is little perturbation in the infrared spectra of the complexes 288 . 

Some of the recent papers which have appeared in the literature 
on the charge-transfer interaction of nitro aromatics with various 
donors are: TNB with aliphatic amines 283,284 , 2,4,7-trinitrofluorenone 
aromatic complexes 285 , TNB-acetone system 288 , halide ion-TNB 287 , 
steric effects on the spectra of nitro- and aminoalkylbenzene com¬ 
plexes 288 , and absolute ultraviolet absorption intensities of the 
anthracene-trinitrobenzene crystal 289 . 

Earlier studies of de Maine 260 indicated that nitromethane 
interacts with iodine weakly with an equilibrium constant of 
1.2 1. mole -1 at 18°. Bhaskar and Rao 291 have studied the nitro- 
methane-iodine system in detail and have measured the 1:1 
equilibrium constants employing the iodine absorption band. The 
enthalpy of association has been found to be about 3.0 Kcal/mole. 
No c.t. band was observed in this system. 

IX. ELECTRON SPIN RESONANCE SPECTRA 

The most well known organic free radical which has been investi¬ 
gated by electron spin resonance (esr) spectroscopy is a,a-diphenyl- 
/j-picrylliydrazil (DPPH) 292,293 ; 
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this radical does not dimerize and gives stable violet crystals. In 
the esr spectrum (in the solid state), DPPH shows a narrow single 
line close to the free spin value (g = 2.0036) and is often used as a 
‘^-marker’ for calibrating magnetic fields. The nuclear hyperfine 
structure of DPPH in the esr spectrum has been interpreted in terms 
of the residence time of the unpaired electron on the two nitrogen 
nuclei, assuming that the hybridization of the orbitals is the same 
for the two nitrogen atoms 294 - 296 . Recently, additional splitting due 
to the protons attached to the aromatic ring has been observed by 
careful studies in deoxygenated solutions 297 . The effect of change of 
the molecular structure of DPPH on the nitrogen hyperfine splitting 
has been investigated. The various structural changes examined are: 
presence of an additional bond between the neighboring ortho- 
positions of the 2-phenyl groups 295,296 , replacement of a nitro group 
in the picryl ring by a sulfonate ion 295 , radicals with /wa-substituents 
on the picryl ring and a study of the substituent effects 298 , and 
mono- and dinitro derivatives of DPPH 299 . Substituent effects 
including those of the nitro group on benzoyl hydrazyl radicals have 
also been examined 300 . 

Esr spectroscopy has been particularly useful in the study of 
radical anions 301 . The 14 N hyperfine coupling constants in electro- 
lytically generated radical anions of aliphatic nitro compounds in 
aqueous solutions have been reported 302 and are listed in Table 20. 
The lifetime of these anions is fairly long. Solvent effects on the 14 N 
coupling constants are found to be negligible for the aliphatic nitro 
anions. 


Table 20. 14 N hyperfine coupling 
constants in radical ions of 
nitroalkanes. 


Negative ion radical 

M n | gauss 

Nitroethane 

25.2 

1 -Nitropropane 

24.8 

2-Nitropropane 

25.4 

l~Nitrobutane 

24.3 

2-Nitrobutane 

24.5 
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Light induced free radicals in solutions of unsaturated compounds 
and tetranitromethane have been examined 303 . Two types of free 
radicals have been identified in the alkali salts of trinitromethane by 
esr spectroscopy 304 : reduction with dithionite, cysteine, or by 
electrolytic methods in aqueous solution gives free radicals exhibiting 
a 7-line spectrum, indicating interaction of the unpaired electron 
with three equivalent 14 N nuclei. This species is undoubtedly due to 
the trinitromethane anion radical. An esr spectrum showing five 
main groups of doublets was obtained when trinitromethane was 
heated in an alkaline solution of glucose, indicating interaction with 
two equivalent 14 N nuclei and one proton. This is probably due to the 
dinitromethane anion radical formed by hydrolytic cleavage. 
Methyl radical and NO a have been identified in the photolysis of 
nitromethane while NO a and C(N0 2 ) 3 have been identified in the 
photolysis of tetranitromethane 305 . 


Table 21. Isotropic proton and 14 N hyperfine coupling constants for the nitrobenzene 

anion radicals 306,307 . 


Parent compound 

^n(no 2 ) 

A s (2fi) 

4l(3,5) 

Other interactions 

Nitrobenzene 

(10.32 

3.39 

1.09 

3.97 


U0.33 

3.46 

1.13 

[4W] 

3.86 

t4W] 

/i-Dinitrobenzene 

1.74 

1.12 

1.12 

— 

/i-Nitroaniline 

12.18 

3.36 

1.12 

1.12 

MhW] 

/i-Nitroanisole 

11.57 

3.43 

1.11 

0.30 

/i-Nitro toluene 

10.79 

3.39 

1.11 

3.98 

(^Me) 

/>-Fluoronitrobenzene 

10.76 

3.56 

1.16 

8.41 

(4r> 

/i-Nitrobenzaldehyde 

5.83 

3.10 and 
2.37 

0.44 

1.23 

t4(HGO)] 

o-Dinitrobenzene 

3.22 

1.63 

[^h( 4 »5)] 

0.42 

b* H ( 3 > 6 )] 


m-Dinitro benzene 

4.68 

3.11 

Mrj(2)] 

4.19 

hML 6 )] 

1.08 

f4 H ( 5 )] 


A number of /wa-substituted nitrobenzene anion radicals have 
been studied 306,307 and the total hyperfine coupling to ring protons 
[ortho-, and meta- to the NO a group) is found to be constant provided 
the meta coupling is positive. The equation, A 0 + A m = —2.3, is 
obeyed in many compounds (Table 21). The 14 N coupling is sensitive 
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to substitution (12.8 g For jfranz-amino and 1.74 g for para- nitro). 
The low coupling in jfr-dinitrobenzene may arise from the flattening 
of the anion radical 301 , or might be due to the importance of the 
quinoid structure in the ^ara-isomer 306 . The difference between the 
results of the nitrobenzene radical anions of Maki and Geske 306 and 
of Ward 307 have been shown to arise from the Formation of contact 
ion pair's 308 ®. The splitting constants of a large number of radical 
ions including those of nitro compounds have been tabulated by 
Bowers 3080 . 

The esr spectra of nitrobenzene and nitrotoluene anions have been 
examined, along with their optical absorption spectra and the 
structure of the anions have been calculated in terms of the con¬ 
figuration interaction between the ground state, the locally excited, 
and the charge-transfer configurations 172 . The c-tt parameters for the 
N—O bonds have been derived from the 14 N hyperfine coupling 
constants of nitrogen-oxygen radicals and the results have been 
employed to show that there may be significant deviation from 
the planarity at the nitrogen atom in aromatic nitro anions 300 ; the 
deviation increases with the increase in the spin density of the nitro 
group. A marked decrease in the ratio of the anisotropic to the 
isotropic 14 N coupling has been found in nitroaromatic anions with 
the increase in spin density and the results are interpreted in terms 
of the tendency of the nitro group to become pyramidal 310 . 

The 17 0 isotropic coupling constants in the nitrobenzene ion 
radical was 8.86 gauss in acetonitrile; in DMF the value was 8.84 
and it increased to 8.99 gauss in DMF containing 10% water 311 . 
The possibility of considering A 0 in terms of the equation, 


A = QiPo” + QzpA 


has been discussed. The 31 P hyperfine coupling constant in electro- 
lytically produced anion radicals of a number of substituted nitro- 
phenyl phosphates has been determined 312 , and the A P varies from 
7 to 17.5 gauss. 

Study of radical anions of substituted nitrobenzenes in aprotic 
solvents has shown that these solvents cause marked changes in the 
electron distribution around the nitrogen atom through hydrogen 
bonding 313 . The hyperfine interaction, the relaxation time, and the 
line widths are all affected by the solvent. Solvent effects on the 
coupling constants in the esr spectrum of nitrobenzene anions have 
been studied (in DMF-water solutions) and the results are compared 
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with the results of visible spectra 314 . The esr spectrum of nitrobenzene 
radical anion has been studied in liquid ammonia 315 . 

Spin distribution in m-dinitrobenzene anion radical has been 
found to be affected markedly by the ion pair formation and the 
nuclear hyperfme interaction has been examined in detail 316,317 . 
The esr spectra of /;-dinitrobenzene anions in methanol—dioxane 
mixtures exhibit marked line width alternation due to the small 
difference between the isotropic hyperfine coupling of the two 
nitrogen atoms; some lines were nearly undetectable at low methanol 
concentrations. 318a . The mean JV-hyperfine coupling constant was 
smaller in dioxane-methanol mixtures than in solvents such as 
methanol but close to acetonitrile and other poor hydrogen bonding 
media 318a . The study of ion pairs (of nitroaromatics) has been dis¬ 
cussed by Symons 318b . Based on the esr spectra of fluoronitrobenzene, 
evidence has been presented for the steric hindrance of a nitro group 
when two fluorine atoms are present in the ortho position 319 . The 
•^--electron spin densities in 3,5-difluoronitrobenzene anion have 
been studied 320 and the spectra of nitrochlorobenzene anion radicals 
have been reported 321 . Steric effects on the anion radicals of nitro¬ 
benzene and nitroaniline have been examined by esr spectroscopy 
along with polarographic results 322a . When the N0 2 group is 
twisted out of the plane of the ring the JV-hyperfine coupling con¬ 
stant increases significantly while the ring proton coupling constant 
decreases. The problem of line widths and frequency shifts in nitro- 
aromatic anions has been excellently discussed by Fraenkel 3221 ’. The 
radical produced by the photolysis of o-nitrobenzaldehyde has been 
examined 323 . 

The esr spectra of the radical anion of r-trinitrobenzene and related 
species have been examined in detail 324,325 . The nitro groups in 
r-trinitrobenzene can rotate freely. The anions show alternate line 
width effects which increase with the interaction of anion and the 
environment. The influence of various cations on the spectra of 
trinitrobenzene anions have also been studied 325 . The esr spectra 
of the radical anions of trinitromesitylene and dinitrodurene, 
produced electrolytically, have been investigated along with their 
polarographic behavior by Bernal and Fraenkel 328 . These radicals 
have been recently shown to be nitroamine anions corresponding to 
the reduction of one nitro group 327 . Light-induced radicals ofr-trinitro- 
benzene in THF show three groups of four lines of relative intensities 
1:3:3:1; apparently, the interaction with only one nitrogen nucleus 
may be due to a complex containing 3 molecules of THF 328 . Some 
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of the other systems studied recently by esr spectroscopy are: radical 
ions of /jff-/>nitrophcnyl derivatives of the general formula, p- 
N0 2 C 6 H 4 -X-/>-N0 2 C 6 H 4 , where X = O, S or (GH 2 ) 2 329 , substituted 
j!>-nitrodiphenyls 330 , dinitrobenzils 881 , nitro-/>-tcrphcnyls 882 , 9-nitro- 
triptycene 388 , 5-nitrofuran derivatives 334 , 3-nitropyridine 177 , and the 
pyrolysis products of nitroaromatic compounds 335 . 

X. MISCELLANEOUS SPECTROSCOPIC STUDIES 

The ultraviolet and infrared absorption spectra of nitrobenzene 
adsorbed on silica gel has been examined and the A max of the intra¬ 
molecular charge-transfer band is found at about 261 m^ 338 . The 
v as and v e frequencies of the NO a group were identical with those in 
carbon disulpide solution, but the C—H frequencies showed devia¬ 
tions indicating that the benzene ring is perturbed by the surface. 
Diffuse reflectance spectroscopy has been employed to examine the 
reversible photochemical conversion of 2-(2,4-dinitrobenzyl) pyridine 
in the adsorbed state 337 . 

The emission spectrum of detonation waves in nitromethane has 
been studied 888 . Photochromism of 2-(2-nitro-4-cyanobenzyl)- 
pyridine in a mixture of ether-isopentane-ethanol (5:5:2 by volume) 
at liquid nitrogen temperature has been examined 839 . 

Stimulated Raman spectrum of nitrobenzene as well as Raman 
diffusion measurements have been investigated employing laser 
sources 340,341 . Two-step Raman scattering in nitrobenzene has also 
been studied by employing a ruby laser 342 . Resonance Raman effect 
in a number of nitrobenzene derivatives has been investigated 343 . 
The relation between the electronic absorption spectra and the 
Raman spectra of several nitro compounds has been discussed 344,345 . 
The infrared transmittance spectrum of nitrobenzene has been 
analyzed in terms of Kerr coefficients derived from visible and 
infrared data 340 . 
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I. INTRODUCTION 

Organic compounds containing the R—N=0 unit may exist as 
nitrites, —O—N=0, nitroso compounds, —C—N=0, or nitros¬ 
amines, —N—N=0, and the spectroscopy of the last two classes 
of compounds will form the subject matter of this chapter. Where- 
ever necessary reference will be made to the spectroscopy of organic 
nitrites and other related systems. In recent years, a fairly large 
number of publications have appeared in the literature on the 
spectroscopy of nitroso compounds. Spectroscopic methods have 
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been particularly valuable in the study of the stereochemistry, 
restricted rotation and dimerization of nitroso compounds and many 
of the earlier controversies regarding the interpretation of the spectra 
seem to have been clarified. In this chapter, the spectroscopy of 
nitroso compounds will be reviewed exhaustively in the light of the 
more recent publications in the literature. 

II. INFRARED ABSORPTION SPECTRA 

The infrared spectra of nitroso compounds have been briefly 
reviewed by some authors 1-8 . The most important group frequency 
of interest in these derivatives is due to the N=0 stretching vibra¬ 
tion. Before discussing the infrared spectra of organic nitroso 
compounds containing the R—N=0 unit, it may be relevant to 
briefly summarize the available information on the N=0 stretching 
frequencies in inorganic derivatives 4 . 

Nitric oxide, NO, exists as a dimer in the condensed state at low 
temperatures and the NO stretching frequencies have been found at 
1883 (monomer), 1862 and 1768 (m-dimer) and 1740 cm -1 ( trans¬ 
dime: r). Nitrosonium ion, on the other hand, .gives characteristic 
absorption in the triple bond region (2150-2400 cm -1 ). Nitrosyl 
halides show the characteristic N=0 stretching frequency in the 
region 1799-1845 cm -1 , the frequency being highest in the case of 
nitrosyl fluoride. In coordination compounds, the N=0 group may 
be cationic (NO+), anionic (NO - ) or nearly neutral (NO),depending 
on the nature of the metal ion and the other ligand. The cationic 
stretching frequency is found to be in the range 1575-1940 cm -1 
while the anionic frequency is between 1040 and 1200 cm -1 . In some 
coordination compounds, bridging N=0 groups have been found 
to give rise to bands around 1500 cm -1 . Thus in inorganic com¬ 
pounds the N=0 stretching frequency shows large variations 
covering a wide range of frequencies anywhere between 1040 and 
1940 cm -1 . This is a much wider range than that found in carbonyl 
compounds. 

The N=0 stretching frequencies in organic compounds containing 
the R—N=0 unit are found in a much narrower range than in 
inorganic compounds. The general range for the N=0 frequency 
in the organic derivatives is 1400-1690 cm -1 . Since many of the 
nitroso compounds undergo dimerization, stretching frequencies 
corresponding to the N=0 bond are seen in the dimers in the range 
1000-1450 cm -1 . 
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The N O stretching vibration frequency 
|. Organic nitrites R—O—N=0 

Organic nitrites show a doublet absorption band in the region 
1610-1685 cm -1 due to the N=0 stretching vibration 2,3 . The 
doublet is due to the tram and cis forms of the nitrites, the trans 
isomer absorbing at higher frequencies (1650-1685 cm" 1 ) than 
the cis isomer (1610-1625 cm -1 ) 4-7 . The stretching frequency in 
nitrites decreases with the increasing bulk of the attached group. 
Thus, methyl nitrite shows the absorption bands at 1625 and 1681 
cm" 1 , while amyl nitrite shows these bands at 1613 and 1653 cm -1 . 
The band positions are also affected by the electronegativities of 
the substituents. Accordingly, trifluoroethyl nitrite absorbs at 
1736 {trans) and 1695 cm" 1 (cis). 

The ratio of the cis and trans forms varies with substitution 
and the proportions can be readily estimated by the measurement of 
the extinction coefficients of the trans and the cis bands. The trans to 
cis ratios are found to be 1:1 in methyl nitrite, 2:3 in ethyl nitrite and 
3:3.5 in higher primary nitrites. In the secondary nitrites, the ratio 
is 6:10 while in tertiary nitrites it is 40:1. Apparently the cis form 
is not favored in the tertiary derivatives. 

The infrared spectrum of methyl thionitrite, CH 3 —S—NO, has 
been reported recently 8 , and the N=0 stretching frequency in this 
compound is found at 1534 cm -1 . 


2. C-Nitroso compounds 

Thompson and coworkers 9 proposed the 1300-1400 cm" 1 range 
for the N=0 stretching frequency in nitroso compounds, while 
Brownlie 10 suggested 1650 cm" 1 for the same absorption. The wide 
difference in the frequency ranges quoted for the nitroso group 
arises from the dimerization and the geometrical isomerism in the 
nitroso compounds. Recent studies of Luttke 11 " 13 , Tarte 14 and 
Gowenlock and coworkers 15 have clarified the difficulties regarding 
the assignment of the N=0 stretching absorption frequency and 
the important results will be summarized in the following paragraphs. 

It is possible to identify the free N=0 stretching vibrations of 
monomeric nitroso compounds in vapor state or in dilute solutions. 
In nitrosomethane and nitrosocylohexane, the monomeric bands 
are found at 1564 and 1558 cm" 1 , respectively in the vapor state 
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while in solution both compounds exist mainly as dimers. Aromatic 
nitroso compounds generally show the free N=0 stretching vibra¬ 
tion in the region of 1485-1515 cm -1 , while in aliphatic compounds 
(including halogenated derivatives) the region is 1538-1621 cm' 1 , 
The positions of the monomeric N=0 stretching frequency in a 
number of C-nitroso compounds are shown in Table 1. 


Table 1. Monomeric N^=0 stretching frequencies of G-Nitroso compounds 11,18 


Aliphatic 

V N=0> cm 1 

Aromatic 

Cm 1 

Nitro some thane 

1564 

Nitrosobenzene 

1506 

Trifluoronitrosomethane 

1595 

/>-Fluoronitrosobenzene 

1511 

T richloronitrosomethane 

1621 

jfr-Chloronitrosobenzene 

1500 

1,1 -Dichloro-1 -nitroso- 

1598 

A-Bromonitrosobenzene 

L497 

ethane 

2 -Chloro-2 -nitrosopropane 

1587 

j'f-Iodonitrosobenzene 

1488 

2-Nitro-2-nitrosopropane 

1585 

/>-Methylnitrosobenzene 

1508 

2-Cyano-2-nitrosopropane 

1570 

p-Methoxynitrosobenzene 

1497 

2-Methyl-2-nitrosopropane 

1546 

p -N itronitrosobenzene 

1513 

2-Acetyl-2-nitrosopropane 

1539 

m-N itronitrosobenzene 

1504 

Heptafluoro-1 nitroso- 

1603 

m-Nitrosonitrosobenzene 

1511 

propane 

Nitrosocyclohexane 

1558 

3,5-Dichloronitrosobenzene 

1502 

1 -Chloro-2 -nitrosocyclo- 

1572 

o-Methylnitrosobenzene 

1499 

hexane 

l,4-Dichloro-l,4- 

1570 

o-Nitronitrosobenzene 

1511 

dinitrosocyclohexane 
(trans form) 

1 -Chloro-1' -nitroso- 

1555 

o-Methoxynitrosobenzene 

1495 

dicyclohexyl 

9-Chloro-l 0-nitroso- 

1555 

o-Iodonitrosobenzene 

1502 

decaline 


Nitrosomesitylene 

2,4,6-Tribromonitroso- 

benzene 

1495 

1506 


In aliphatic nitroso compounds, substitution of an a-hydrogen by 
an acetyl group lowers the N=0 frequency whereas substitution by a 
Cl, CN or NO a group increases the frequency 1 . Di- and trisubstitu¬ 
tion leads to higher frequencies of the N=0 stretching absorption 
in aliphatic compounds. In this respect, the behavior of the N=0 
group is different from that of the C=0 group. It is possible that 
resonance interaction involving double bonded carbon-halogen 
bonds play an important role in the nitroso compounds. 

O’Sullivan and Sadler 17 have found a linear correlation between 
the N=0 stretching frequencies in compounds of the general formula 
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RNO and the aliphatic polar substituent constants of Taft. The 
relations are expressed as: 

v — 1500 + 11 Off* (vapor phase) 

v = 1458 + 124ff* (condensed phase) 

The substituent effects in aromatic compounds are found to be small 
and the frequencies can be understood in terms of the Hammett 
substituent constants. The N=0 stretching frequency is enhanced 
due to field effects in cyclohexane derivatives just as in the case of 
carbonyl compounds. Thus, l,4-dichloro-l,4-dinitrosocyclohexane 
absorbs at 1570 cm -1 compared to nitrosocyclohexane which absorbs 
at 1558 cm -1 . 

The intensity of the bands ascribed to the N=0 stretching 
vibrations in C-nitroso compounds vary with temperature as well 
as dilution 18,19 . For example, the intensity of the 1475 cm -1 band 
of nitrosomesitylene decreases with increase in temperature and two 
new bands appear at 1490 and 1400 cm" 1 . The intensity of the 
1475 cm -1 band also decreases on dilution giving rise to a higher 
intensity of the other two bands. These results clearly show that the 
variation in the band intensities is associated with the monomer-dimer 
equilibrium in this compound. Detailed studies have clearly shown 
that most C-nitroso compounds exist predominantly in the dimeric 
form. The investigations of Gowenlock, Sped ding, Trotman and 
Whiffen 15 have shown that the dimeric structure of the nitroso 
compounds can have either the cis or the trans configuration. This 
geometrical isomerism becomes possible because of the appreciable 


R O R R 

\ / \ / 

n=n n=n 

j/ \ i/ \ 

o n r o \> 


double-bond character of the N—N bond in the dimer. The absorp¬ 
tion of the cis and trans dimers, (RNO) 2 are summarized below 1 : 

R trans- dimer m-dimer 

Aliphatic Single band between Two bands in the regions 

1176 and 1290 cm" 1 1323-1344 and 1330-1420 
cm" 1 

Single band between Two bands in the regions 
1253 and 1299 cm" 1 1389-1397 and 1409 cm" 1 


Aromatic 
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The assignment of the cis dimer bands has been justified by examina¬ 
tion of the N=0 stretching absorption in compounds 1 and 2: 



Raman studies of dimeric nitrosocyclohexane ( trans ) and nitroso- 
benzene (cis) also lend support to these assignments 20 . 

The intensities of the bands of the cis and trans dimers are con¬ 
siderably different 16 . The trans dimers generally show high intensity 
bands (e ~ 600 — 1500) in the region 1190-1300 cm -1 , while the 
cis dimers do not show any bands in this region with s > 80. Band 
intensity data on the cis and trans dimers of a few nitroso derivatives 
are shown in Tables 2 and 3. On the basis of the band intensities, it 
is possible to assign cis and trans structures to unknown dimers 16 . 

The dimer band intensity in para substituted nitrosobenzenes 
increases with the electron withdrawing ability of the para sub¬ 
stituent 19 . The stability of the aromatic dimers also depends on the 
substituents 18 . Thus, nitrosomesitylene exists only as a dimer while 
the jbara-dimethylamino- and jtora-iodonitrosobenzenes exist essen¬ 
tially as monomers even in the solid state. Apparently, electron- 
donating groups weaken the N=N band in the dimer and hence 
lower the stability. The cis dimers are generally more stable in 
phenyl derivatives and conjugation between the two benzene rings 
is decreased in these dimers. 

In nitroso dimers, the bond order of the nitrogen-oxygen bond is 
no longer two and it would be worthwhile comparing the N-*-0 
stretching frequencies of the nitroso dimers with those of amine 
oxides and related derivatives 3 . The characteristic absorption of the 
N —> O linkage in amine oxides is found in the 1200-1310 cm -1 
region and the position of the band is sensitive to the electrical 
properties of substituents. Thus, /j-methoxypyridine-N-oxide absorbs 
at 1238 cm -1 compared to the />-nitro derivative which absorbs at 
1304 cm^ 1 . Azoxy compounds show the N —O absorption in the 
1250-1310 cm' 1 region and nitriloxides, R—C=N —> O, show the 
N —► O absorption in the 1340-1380 cm' 1 range. 

Some nitroso compounds show evidence of oxime formation in 
their infrared spectra 11 . For example, the N=0 stretching bands 
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Table 2. Infrared absorption of trans dimers, (RNO) 2 , in 
KG1 or KBr 16 . 


R 

V it cm 1 

£ 

Vu, cm 1 

£ 

Me 

1286 

300 

1134 

100 

n-Bu 

1212 

300 

1144 

100 




1120 

20 

i-Bu 

1215 

250 

1144 

150 

.y-Bu 

1200 

V.S. 

1172 

m 




1118 

m 




1093 

m 

i-Bu 

1262 

400 

1181 

200 


1233 

250 



r-C 6 H n 

1191 

600 

1100 

100 


v.s. = very strong 
m = medium 


of nitrosomethane and nitrosocyclohexane in vapor phase decrease 
in intensity with time and bands due to formaldoxime and cyclo¬ 
hexanone oxime appear in the spectra. 

The O—H stretching frequency of /wra-nitrosophenol (3) 
('"-'3563 cm" 1 ) does not fall in line with the data on other phenols, 
indicating the possibility of the oxime structure 21 . Detailed infrared 
studies on nitrosophenols clearly show that they do exist in the 
quinoid structure 4 and assignments have been made for all the 


Table 3. Infrared absorption of cis dimers, (RNO) 2 , in KG1 or KBr 15 . 


R 

V i> 

cm 1 

£ 

cm" 1 

£ 

cm -1 

£ 

^ivf 

cm" 1 

£ 

^vif 

cm" 1 

£ 

Me 

1387 

300 

1341 

60 

__ 

— 

1107 

40 

1061 

30 










1017 

200 

Et 

1426 

80 

1323 

30 

1290 

40 

1078 

50 

1043 

90 


1370 

90 









n-Bu 

1426 

100 

1336 

50 

1296 

30 

1096 

70 

1041 

150 


1385 

150 









i-Bu 

1418 

40 

1338 

30 

1304 

20 

1095 

50 

1039 

80 


1382 

70 



1287 

30 





s-Bu 

1420 

80 

1338 

50 

1296 

40 

1096 

50 

1040 

100 


1384 

100 









r-G 6 H u 

1408 

150 

1323 

90 

1306 

40 

1087 

80 

1045 

40 

1377 

130 







1031 

60 
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important bands due to the oxime unit in a number of such deriva¬ 
tives 22 ' 23 . 


OH O 



(3) (4) 

2-Nitrosophenol has been found to exist in the chelated form both 
in solid state and in solution 24 . The O—H stretching frequency is not 
seen in l-nitroso-2-naphthol. The quinone monoxime structures are 
probably stablized in the chelates of these compounds. 

3. Nitrosamines 

In the monomeric state nitrosamines show the N=0 stretching 
absorption in the region 1430-1530 cm" 1 . Dimers generally absorb 
in the 1300 cm -1 region 6 ' 7 ' 14,26 ' 26 . The N=0 stretching frequency 
of nitrosamines is appreciably higher in vapor phase compared to 
that in solution phase. Thus, in dialkylnitrosamines the N=0 
stretching frequency is around 1490 cm" 1 in vapor and around 
1450 cm -1 in CC1 4 solution. Some infrared data on the nitrosamines 
are given in Figure 1 and Table 4. 

-1 -1 
cm cm 


1475 14 25 

1475 1425 

A a 


r - i i 

rA „ b 

i > 

/ X\ 


/ \ 

v 

/ \ 

JrJ \ A 



_1_ L _ 


i i i _ 

6-75 70 

6-75 70 

microns 

microns 


Figure 1. Infrared spectra in the N=0 stretching region of (a) dimethylnitrosamine 
and ( b ) diethylnitrosamine in carbon tetrachloride (dotted line) and in methylene 

bromide (full line). 
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Table 4. Major infrared bands of nitrosamines in CC1 4 solvent 30 . 


Compound \ 

' N0 , cm 1 v CN (aromatic), cm 

1 V NN’ cm 1 

Dimethylnitrosamine 

1460 


1035 

Diethylnitrosamine 

1454 


1060 

Diwapropylnitrosamine 

1438 


1139 

JV-nitrosopiperidine 

1437 


1087 

Dicyclopentylnitrosamine 

1444 


1112 

Dicyclohexylnitrosamine 

1442 


1112 

jVmitrosomethylaniline 

1476 

1194 

944 

iV-nitrosoethylanillne 

1478 

1175 

993 

iV-nitrosocarbazole 

1478 


1051 

7V-ni tro sodiph eny lamine 

1480 


1038 


The position of the N=0 stretching band of nitrosamines is 
affected by the electronegativity of substituents. In TV-nitroso-bis- 
2,2,2-trifluoroethylamine, the N=0 stretching frequency is at 
1550 cm -11 . In iV-nitrosamides the absorption is found in the region 
1515-1530 cm." 127 . In nitrosoguanidines, the N=0 stretching 
frequencies are found in the region 1500-1600 cm -1 2S . Sydnones do 
not show the nitroso absorption 25 . 

The infrared stretching frequency of the nitroso groups in nitros¬ 
amines has been correlated with the polarographic half-wave 
potentials as well as rates of hydrolysis in acidic media 29 . 

The solvent effects on the aliphatic and aromatic nitrosamines 
have been examined by Williams and coworkers 30 , who have made 
use of such effects to assign some of the vibrations of the N—N=0 
group. Aliphatic nitrosamines show a band in the 1425-1460 cm -1 
region associated with the N=0 stretching vibration. Its intensity 
decreases and moves to lower frequencies on going from carbon 
tetrachloride to methylene dibromide solution. Aromatic nitros¬ 
amines, which show the N=0 stretching frequency in the region 
1500-1450 cm -1 , also show similar solvent sensitivity. Solvent 
effects on the characteristic bands of nitrosamines can be seen in 
Table 5 and Figure 1. Coupling between the N=0 stretching 
vibration and the CH 2 , CH 3 bending modes or the ring C—C 
vibration is encountered in the aromatic nitrosamines 30 . 

The infrared spectra of the dimer of trifluoronitrosomethane 
indicates that it has the nitritoamine structure, (CF a ) 2 N—O—N=O sl . 
The N=0 stretching bands of the dimer were found at 1803 and 
1830 cm -1 , nearly 200 cm" 1 higher than the frequencies normally 
found for nitroso compounds and nitrites. 
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Table 5. Solvent effects on the infrared frequencies (cm 4 ) of dimethylnitrosamine 30 . 


Solvent 

Vapor 


1489 

1412 


1310 

1294 

1016 

Liquid 

1480 

1448 

1413 

1396 

1321 

1293 

1Q53 

Carbon tetrachloride 

1477 

1460 

1411 

1394 

1313 

1292 

1023 

Benzene 

1481 

1453 

1411 

1394 

1313 

1292 

1037 

Methylene chloride 

1478 

1446 

1408 

1392 

1319 

1292 

1051 

Chloroform 

1478 

1444 

1408 

1392 

1321 

1292 

1051 

Methylene bromide 

1476 

1444 

1408 

1392 

1318 

1291 

1049 

Methylene iodide 

1473 

1441 

1404 

1390 

1315 

1289 

1049 


The infrared spectra of nitrosohydroxylamine derivatives show 
the N=0 stretching bands at 124-6-1286 and 1174-1242 cm -1 and 
the N—-N stretching frequency at 910-980 cm -1 32 . Infrared data 
on some nitrosopiperazines and the alkylation products of nitroso- 
hydroxylamines (the so-called diimide dioxides) have been reported 
in the literature 33 . 

The N=0 stretching frequency in addition compounds of 
dialkylnitrosamines with metal as well as non-metal halides have 
been reported recently 34 . 


B. Other Frequencies of Nitroso Compounds 

In alkyl nitrites, the O—N=0 bending vibrations of the cis and 
trans forms are found in the regions 617-691 and 565-625 cm -1 , 
respectively 5 . Combination bands have been found in the region 
2250-2300 (r N=0 + <r 0 —n=o) and at —'2500 (v N==0 + o) cm -1 . 
The first overtone of the N=0 stretching vibration is found at 
3200-3300 cm- 1 . 

In the case of C-nitroso compounds there are not many other 
correlations available, although the C—N stretching vibration has 
been assigned to a broad band around 1100 cm -111,14 . The C—N 
stretching vibration in many of the C-nitroso compounds is probably 
coupled with other vibrations as suggested by Liittke who finds 
contribution from C—N stretching vibration in the bands near 
1100 and 800 ± 50 cm -1 . The C—N=0 bending vibration is 
assigned to a band in the 400-460 cm -1 region 11 . 

In nitrosamines, the N—N stretching vibration has been assigned 
to a band around 1000 cm -16 ' 7> 14 . Solvent effect studies 30 have shown 
that the N—N stretching vibration is in the region 1030-1150 cm -1 
in aliphatic nitrosamines which shifts to higher frequencies in polar 
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solvents. In aromatic nitrosamines the N—N stretching vibration 
has been assigned to a band in the region 925-1025 cm' 1 and the 

n _N stretching vibration to a band in the region 1160-1200 cm -1 . 

The N—N=0 deformation mode gives rise to a band around 
660 cm' 114 . 


III. ELECTRONIC ABSORPTION SPECTRA 

The nitro group exhibits a strong absorption band around 210 my 
(s ^ 10000) and a weak band around 270 my (e~20). These 
bands are most probably due to the tt —*■ tt* and the n -> -it* transi¬ 
tions, respectively. Another n -> tt* transition should occur at very 
low wavelengths, probably in the vacuum ultraviolet region, but 
this has not been observed. Alkyl nitrites also exhibit weak bands 
with fine structure due to n -> tt* transitions around 350 my 
(s - 80). The electronic spectra of the nitro group have been reviewed 
in the literature 36 , as well as in Chapter 2. Although there has been 
considerable amount of published work on the electronic absorption 
spectra of nitroso compounds, the subject has not been reviewed. 
Presently, the ultraviolet and visible absorption spectra of nitroso 
compounds will be discussed; it is outside the scope of this review 
to discuss the use of nitroso compounds such as l-nitroso-2-naphthol 
as colorimetric reagents in analysis. 

The monomeric aliphatic nitroso compounds are blue in color 
while the aromatic derivatives are green in color. The aliphatic 
monomers show a low intensity absorption maximum in the region 
of 630-790 my, (e ~ 1-20), another absorption maximum in the 
270-290 my region (e ~ 80), and a fairly intense band around 
220 my (e ~ 5000) 1 . Both the low intensity bands around 700 and 
300 my are undoubtedly due to n tt* transitions. Of these, the 
visible absorption band has been assigned to the singlet-singlet 
transition of the lone-pair on nitrogen, while the lower wavelength 
n it* transition has been considered to be due to the oxygen 
lone-pair 1,36 . Since dimerization of nitroso compounds involves 
bond formation by the nitrogen lone-pair, the long wavelength 
n-t-Tr* transition is affected markedly and the extinction varies 
with concentration and temperature. Oxidation of a nitroso com¬ 
pound to a nitro compound is similarly associated with the dis¬ 
appearance of the visible absorption. In aromatic compounds, only 
the long wavelength n —>■ 7T* transition is seen distinctly and the 
lower wavelength n — »• tt* transition is usually submerged in the 
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aromatic absorption bands. Both the n — »■ tt* transitions are char¬ 
acterized by blue-shifts in polar solvents 36,37 . The low wavelength 
band around 220 m/x in aliphatic nitroso compounds arises from the 
tt > tt 59 transition of the nitroso group. 

Dichroism studies on Tra-nitronitrosobenzene has confirmed the 
assignment of the n —> tt* transition for the visible absorption band 
of nitroso compounds 38 . For the 750 m/i band of m-nitronitroso- 
benzene monomer, the perpendicular absorption is hyperchromic 
to the parallel absorption indicating that the green color is due to the 
electronic transition polarized perpendicular to the C—N=0 
bond 39,40 . 

Flash photolysis of f-butylnitrite has been found to give nitroso- 
methane which has been identified by its % tt* transition 41 . In 
the excited state, the G—N=0 angle is larger by about 8°. The 
unusual vibrational features of this spectrum has been interpreted 
in terms of a decrease in the barrier to torsion of the methyl group, 
from about 940 cm -1 in the ground state to about 240 cm -1 in the 
excited state. 

The electronic structures and electronic spectra of 1-chloro-l- 
nitrosocyclohexane, nitrosyl chloride, methyl nitrite and N,N- 
dimethylnitrosamine have been studied by Nagakura and co¬ 
workers 42 who have carried out molecular orbital calculations. In 
1-chloro-l-nitrosocyclohexane, the n —*■ tt* transition of the nitroso 
group is found around 750 m/t while the tt -> tt* transition appears 
around 160 m/t. In nitrosyl chloride, the n -> tt* transition is at 
615 m/i while the tt — > -n* transition is found around 145 m/i. In 
methyl nitrite and iV,7V-dimethylnitrosamine, the n —*■ -tt * transitions 
are found at 386 and 377 m/i, respectively. In all these compounds, 
intramolecular charge-transfer bands are found in the region of 
197—227 m/t. It is interesting that the band due to the n-+ir* 
transition in these compounds is shifted to shorter wavelengths with 
increasing electron-donating power of the substituent, while the 
charge-transfer band is shifted to longer wavelengths. A similar 
behavior is also seen in carbonyl compounds. 


A. C-Nitroso Compounds 

In aromatic nitroso compounds, the n N tt* transition is found 
at longer wavelengths than in aliphatic derivatives due to delocaliza¬ 
tion 43 . The observed bands in the electronic spectra of nitrosobenzene 
are given at top of facing page 43 . 
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Anaxj 

8 

680-760 

40-70 

301-350 

5200 

280 

10330 

194 

11890 

174 

45000 


The 300 m,a band shows solvent red-shifts 36 and increase in intensity 
with increase in the polarity of the solvents. The 280 m/r as well as 
the 300 m« bands have been ascribed to charge-transfer from benzene 
to the nitroso group 43 . The electron withdrawing power of the nitroso 
group is expected to be greater than that of the nitro group. 

When a dimer is formed, the n -> 7r* band disappears and a new 
t T it* transition appears in the region of 270 m/^ (e ~ 10000), 
as seen in aliphatic compounds 44 . The color of the compound also 
changes from blue to yellow. A number of nitrosoalkanes have been 
prepared by pyrolysis of alkyl nitrites and the cis dimers have been 
isolated in all the cases except in 2-methyl-2-nitrosopropane where 
only the trans dimer is possible due to steric considerations. This 
study clearly indicates the existence of cis-trans isomerism in dimeric 
nitrosoalkanes. The ultraviolet spectral data of the derivatives have 
been recorded in water, ethanol, diethyl ether and carbon tetra¬ 
chloride 44 and the data are summarized in Table 6. The trans dimer 
of 2-methyl-2-nitrosopropane dissociates in organic solvents giving 
rise to the blue monomer (695 m,u). The 270 m^ band of the trans 
isomers shows solvent blue-shifts which are larger in magnitude than 
those of the cis isomers. Further, the wavelength of absorption is 
always lower in the cis isomers than in the trans isomers. 

The dependence of the long wavelength bands of the monomers 
on substitution and temperature has been investigated 46 . The 
enthalpies of dimerization of the nitroso compounds, RNO, cal¬ 
culated on the basis of the temperature dependence of the visible 
absorption band are given in Table 7. 

In aromatic nitroso compounds, the cis form of the dimers is 
more stable and delocalization is inhibited by the twisting of the 
aromatic rings out-of-plane. The trans isomer has not been isolated 
in the case of nitrosobenzene. In or/Ao-substitutcd aromatic nitroso 
dimers, however, the trans form is stable since the aryl groups are 
twisted out-of-plane. The extinction of the visible absorption band 
is low in aromatic compounds where the resonance interaction is weak 
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Table 6. Solvent effects on the ultraviolet absorption spectra of dimeric 
nitrosoalkanes 44 , (RNO) 2 . 


R 

h 2 o 

EtOH 


Et 2 0 

CC1 4 

2 

A max 

lo S Vax 

^max 

£ max 

Vax 

lo g e max 

2 

A max 

1°S e max 

cis- Me 

265 

4.00 

269 

4.00 

286 

_ 

291 


£ra/w-Me 

276 

4.03 

282.5 

4.01 

286 

4.01 

291 

4.06 

«j-Et 

266 

4.02 

272 

3.94 

288 

3.87 

292 

4.00 

trans- Et 

277 

— 

285 

— 

288 

— 

292' 

— 

cis-n- Pr 

268 

4.04 

273 

3.98 

291 

3.96 

295 

4.03 

trans-n- Pr 

280 

— 

287 

— 

291 

— 

295 

— 

cis-i- Pr 

267 

4.02 

273 

3.87 

290 

3.90 

295 

4.00 

trans-i- Pr 

280 

4.01 

286 

3.98 

290 

3.95 

295 

4.00 

cis-n- Bu 

268 

4.06 

273 

3.87 

291 

3.94 

296 

4.00 

trans-n- Bu 

282 

— 

289 

— 

291 

— 

296 

_ 

cis-i- Bu 

270 

4.04 

276 

4.00 

294 

3.96 

298 

4.02 

trans-i-Hu 

285 

4.01 

291 

3.98 

294 

3.96 

298 

4.02 

cis-s- Bu 

269 

4.02 

275 

3.95 

293 

3.89 

297 

4.01 

trans-s- Bu 

284 

— 

290 

— 

293 

— 

297 

— 

trans-t- Bu 

287 

— 

— 

— 

295“ 

— 

— 

— 






675 





271 

3.98 

278* 

3.86 

297 

3.91 

300 

4.01 

franj--G 5 H 11 

287 

— 

294 

— 

297 

— 

300 

— 


“ 295 m/t absorption peak decreases with time while the 675 mju peak increases. 
6 Changes very rapidly to give A max at 294 mfi. 


Table 7. Visible absorption data and enthalpies of 
dimerization of nitroso compounds (RNO) 46 . 


R 

A, m fx 

A H, kcal/mole“ 

c 6 h 5 

755 

<10 

/>-BrC e H 4 

758 

<10 

7-IC 6 H 4 

758 

<10 

»-ic 6 h 4 

777 

<10 

7-Me 2 NC 6 H 4 

775 

<10 

2,4,6-Br 3 C 6 H 2 

775 

10.9 

2,4,6-Me 3 C e H 2 

797 

12.1 

MeCOMe 2 C 

691 

18.9 

c 6 h 5 ch 2 

678 

20.4 

C e H u 

690 

20.6 


“For dissociation of dimers 
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due to steric effects, but increases on heating or dilution 46 . The 
monomer-dimer equilibria of a series of 2,6-dichloro-4-substituted- 
nitrosobenzenes have been studied in benzene solvent and electron¬ 
releasing substituents have been found to favor dissociation of the 
dimers to monomers 47 . 

Burawoy 48 has examined the electronic spectra of a few aromatic 
nitroso compounds and finds that the 77 —> tt* transitions of the 
aromatic are shifted to longer wavelengths by o-methoxy groups, 
while the n tt* transitions of the nitroso group are shifted to 
shorter wavelengths. The NMe 2 group causes a much greater hypso- 
chromic shift of the n -> tt * transition. Polar solvents shift the 
1T 7 T * transition to longer wavelengths and the n —*■ 7r* transition 
to shorter wavelengths in these compounds. 

The ultraviolet spectrum of nitrosotropolone has been reported 
in the literature 49 . The visible absorption has been made use of to 
characterize o-nitroso benzamide as an intermediate in the von 
Richter reaction 60 . 

The n —>- 7 r* transitions of ^ara-substituted nitrosobenzenes, 
jf)-RG 6 H 4 NO, have been correlated with the polarographic reduction 
potentials 61 and some of the data are given in Table 8 . 

Table 8. n —*■ tt* Absorption data 
and polarographic reduction 
potentials of /^substituted 
nitrosobenzenes 51 . 


R 

2 

max 

£ 0 . 5 , mv 

CHO 

760 

417 

no 2 

780 

430 

Cl 

748 

469 

Br 

748 

471 

H 

745 

479 

I 

743 

485 

Me 

735 

525 

MeO 

714 

598 

OH 

697 

632 


Electronic spectra of nitrosophenols have clearly shown that these 
compounds exist in the quinoid structure 23,52 . Nitrosonaphthols 
also exist as quinone monoximes 53 . The dissociation constant of 
l-nitroso- 2 -naphthol has been determined by a spectrophotometric 
method employing the pH dependence of the 380 vn.fi band 54 . 
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The electronic spectra of 2-nitrosophenol, 5-methoxy-2-nitroso- 
phenol and 5-dimethylamino-2-nitrosophenol have been studied in 
various solvents and compared with the spectra of the corresponding 
anisoles by Burawoy 55 . The results show that the nitroso group in 
these phenols forms an intramolecular hydrogen bond causing a 
shift of the n —>- -rr* band to shorter wavelengths. Solvent effect 
studies also confirm this observation. The positions of the bands of 
2-nitrosophenol in a few solvents are given in Table 9. 

There appears to be little doubt that 2-nitrosophenol exists truly 
as a nitroso compound, although it is not possible to exclude the 


Table 9. Solvent effects on the electronic absorption spectrum 
of 2 nitrosophenol 86 . 


Solvent 

K^77* 

^max ! 

band 

e 

77 ~> 77* 

^max’ 

band 

e 

77 —► 77* 

band 

£ 

c 6 h 14 

697.5 

47 

395.0 

2000 

299.5 

8200 

CC1 4 

697.5 

65 

400.0 

2600 

300.0 

10900 

Et a O 

702.5 

44 

391.0 

2650 

302.0 

8900 

G 6 H 6 

697.5 

60 

402.5 

2200 

306.0 

8700 

CHClg 

685.0 

55 

406.0 

2250 

306.0 

10900 

EtOH 

715.0 

53 

389.0 

3400 

304.0 

7800 

h 2 o 

673.0 

31 

399.0 

2300 

308.0 

6300 


presence of small amounts of the oxime tautomer. The electronic 
spectrum of 5-methoxy-2-nitrosophenol shows evidence for' the 
presence of an intramolecular hydrogen bond as well as for the 
existence of the oxime tautomer. 5-Dimethylamino-2-nitrosophenol 
shows clear evidence for the solvent-dependent equilibrium between 
the phenol and the oxime tautomers. The absorption spectra as well 
as the polarography of o-nitrosophenols and their metal complexes 
have been reported recently 56 . 

Alcoholic solutions of /?-, y- and (3-toc.opherols form yellow nitroso 
derivatives on treatment with HNC) 2 . The a-tocopherol does not 
form the nitroso derivative. The /?-, y- and ci-nitrosotocopherols 
show characteristic absorption at 410, 415 and 405 m fi, respectively 
and their mixtures can be analyzed employing these absorption 
bands 67 . 


B. Nitrosamines 

The electronic absorption spectra of several nitrosamines have 
been reported in the literature 6,7 and the spectra are characterized 
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by a low intensity absorption maximum around 360 m.fi which 
shows fine structure due to the n —*■ tt* transition and a relatively 
intense band around 235 m,u due to the v — *■ tt* transition. The long 
wavelength band shows solvent blue-shifts characteristic of the 
n -*■ tt* transition (Figure 2). The electronic spectral data of a few 
nitrosamines are summarized in Table 10. The band due to the 
n -> tt* transition around 360 m/j, is probably characteristic of the 



m ju 


Figure 2. Solvent effects on the n — >n* band of dimethylnitrosamine: 1, cyclohexane; 

2, ethanol; 3, water. 


monomeric nitrosamines and dipolar interaction or dimerization 
markedly affects the position and intensity of this band 7 . 

The ultraviolet spectra of several nitrosamines have been reported 
in recent years: nitrosophenylglycine 58 , nitrosohydroxylamine deriva¬ 
tives 82 , iV-nitrosoethyleneimine 59 , nitroso derivatives of pyrimidines 60 
and other aromatic derivatives 61 . The absence of the characteristic 
nitroso absorption in the electronic absorption spectrum of methylene 
diisonitramine has been attributed to internal hydrogen bonding 82 . 

Although electronic absorption spectra of nitrosamines have been 
examined in various solvents including acids 62 , particular mention 
must be made of the recent studies of Jaffe and coworkers 63 ' 64 , who 
have examined the basicity of nitrosamines by employing solvent 
effects on the absorption spectra. The ultraviolet absorption spectra 
of dialkylnitrosamines in cyclohexane solution containing varying 
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Table 10. Electronic absorption spectral data on nitrosamines 6 * 7 . 


Compound 

Solvent 


% 

A max> 

mfi a 


Dimethylnitrosamine 

Light petroleum 

374; 

361; 

351; 

232 



(105); 

(125); 

(98); 

(5900) 


EtOH 

346; 

231 





(100); 

(7000) 



Diethylnitrosamine 

Light petroleum 

378; 

366; 

233 




(90); 

(105); 

(6500) 



EtOH 

350; 


233 




(90) 


(7400) 


Di-n-propylnitrosamine 

Light petroleum 

378; 

366; 

235 




(90) 

(110) 

(6100) 



EtOH 

350; 


233 




(90) 


(7000) 


Di-n-pentylnitrosamine 

Light petroleum 

378; 

366; 

356; 

236 



(90) 

(105) 

(85) 

(6300) 


EtOH 

350; 



235 



(93) 



(7400) 

#-nitrosobis-(2,2,2- 

Light petroleum 

386; 

372; 

360; 

. 230 

trifluoroethylamine) 


(91) 

(113) 

(86) 

(5200) 


EtOH 

385; 

372; 


230 



(80) 

(103) 


(5300) 

IV-nitrosopiperidine 

Light petroleum 

377; 

365; 

238 




(65) 

(70) 

(4200) 



EtOH 

351; 


235 




(95) 


(8100) 

, 

A r -nitro-iV , -nitrosopi- 

EtOH 

360; 

242 



perazine 


(123) 

(12900) 



Dinitrosopenta- 

EtOH 

367.5; 

230 



methylenetetramine 


(115) 

(10750) 



l,3,5-Trinitroso-l,3,5 

EtOH 

382; 

370; 

235 


triazacyclohexane 


(166) 

(174) 

(13200) 



a The numbers in parentheses are the extinction coefficients of the absorption bands. 


amounts of trichloroacetic acid showed that the intensity of the 
n — > tt* band decreased with increase in acid concentration. Further, 
an isoabsorptive point was found at 346 him. From the analysis of 
the spectral data it has been shown that the nitrosamine interacts 
with trichloroacetic acid to form 1:1 hydrogen bonded complexes 
which in turn react with trichloracetic acid to form 1:2 complexes. 
The equilibrium constants of formation of the 1:1 complexes of 
dialkylnitrosamines vary in the order Me < Et ^ n -Pr < j-Pr, 
while the equilibrium constants of the 1:2 complexes vary in the 
order K-Pr < Et ^ i-Pr < Me. The second hydrogen bond is 
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supposed to be formed by the lone pair of the amino nitrogen and is 
likely to be sensitive to steric effects of substituents. The structure of 
the 1:1 and 1:2 complexes are shown to be 5 and 6: 

R R 

! •’v I 

R—N— N R—N—N 

tt"-HA p A X>-HA 

(5) (6) 

Examination of the ultraviolet spectra of dimethyl- and diwopropyl- 
nitrosamines in solutions of varying concentrations of H 2 S0 4 has 
shown that the nitrosamine molecules exist in four spectroscopically 
distinguishable forms in aqueous acid solutions. The proportion of 
each form varies with acid concentration. The equilibrium constants 
of 1:1 and 1:2 hydrogen bonded complexes have been reported 
for the reactions: 

R a N-NO • • • (H 2 0) x =F=i: R 2 N NO • • • (H 2 0) x "H 2 S0 4 

(I) (M) 

or R 2 N-NO ■ • • (H 2 0 ) x ==i R 2 NNO • • • (H 2 0) x "HS0 4 - 

(I) (II) 

II R„NNOH+ ■ • • (H 2 0)„ 

(III) 

or II :?=£ R 2 NNO • • • (H 2 0) a ,(H 2 S0 4 ) 2 

or II R 2 NNO ■ • • (H 2 0yHS0 4 -) 2 

The protonated species does not show the n -*■ v* bands. The n —> 77 -* 
bands of the nitrosamine, however, show decrease in intensity as well 
as wavelength with increase in acid concentration. 

Optically active nitroso compounds have been found to exhibit 
Cotton effect at the n —*■ ir* absorption wavelength 65,66 . Thus, 
Djerassi and coworkers have found that the C-nitroso group shows 
Cotton effect at ~675 m/q while iV-nitrosamines show the Cotton 
effect at ~375 m/r. Multiple Cotton effect curves are shown by 
nitrosamides in the 300-450 m^ region. Rotatory dispersion curves 
of a number of nitroso derivatives of amino acids have been studied 
and their Cotton effects have been employed for stereochemical 
assignments. 


IV. NUCLEAR MAGNETIC RESONANCE SPECTRA 

The proton magnetic resonance spectra of a few nitrosamines were 
examined by Looney and coworkers 67 with a view to study the 
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hindered rotation about the N—N bond. These workers found that 
N,N-dimethylnitrosamine gave two signals of equal intensity sepa¬ 
rated by 19 cps below 180° due to the existence of the cis and trans 
isomers. The rate of rotation about the N—N bond was estimated to 
be 110/sec with a barrier height of ~23 kcal. The nuclear magnetic 
resonance spectrum of iV-benzyl-.iV-methylnitrosamine showed two 
isomers below 200° and the integrated intensities of the C!H 3 or 
CH 2 resonances gave a cis)trans ratio of 1:3. The temperature 
dependence of the nmr spectrum indicated that the heat of isomeriza¬ 
tion was less than 1 Kcal. In JV-nitroso-iV-methylaniline as well as 
TV-nitroso-iV-ethylaniline, the presence of only one isomer was 
indicated in the nmr spectrum. The cisf trans ratio in these derivatives 
was expected to be 20:1, with a very low barrier to rotation. 

The proton resonance assignments of Looney and coworkers 67 
have been criticized by Brown and Hollis 68 and Karabatsos and 
Taller 69 , who have assigned the alkyl proton resonances at higher 
fields to the cis isomers rather than to the trans isomers. This is 
because, the nitroso group exhibits anisotropic diamagnetic shielding 
such that the protons located nearly in line with the double bond 
are shifted downfield while those located above the double bond are 
shifted upfield. On the basis of the nmr data, the favored conforma¬ 
tions of alkyl nitroso compounds have been assigned by these 
workers 68 ’ 69 . The positions of the proton signals due to cis and trans 
isomers of various alkyl nitroso compounds are shown in Table 8. 
In JV-methyl-iV-propylnitrosamine the peak at d = 3 has been 
assigned to the iV-methyl group cis to the nitroso group and the one 
at <5 = 3.8 to the trans iV-methyl group 68 . iV-methyl-iV-phenyl- 
nitrosamine predominantly exists with the cis methyl and trans 
phenyl configuration. 

In alkyl nitrosamines, the trend toward larger values of transjcis 
ratio in the series Me, Et, z-Pr indicates the operation of steric 
factors. Alkyl nitrites have also been found to behave similar to the 
nitrosamines, with the cis a-protons appearing at higher fields com¬ 
pared to the trans a-protons 68 . The favored conformations of trans- 
ethyl, i-propyl and /-butyl groups in the nitroso compounds have 
been discussed on the basis of the nmr data 69 . In contrast to a-methyl, 
a-methylene and /Lmethyl protons which resonate at higher fields 
by about 0.3-0.8 ppm when cis to the nitroso oxygen, a-methine 
protons resonate at lower fields by about 0.2-0.6 ppm when cis (than 
when trans) to the nitroso oxygen. In benzene solvent, the trans proton 
experiences higher upfield shifts than the cis proton and this shift- 
inequality is useful in assigning configurations. The observation of 
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only one set of resonances in the case of IV-methyl-iV-phenylnitros- 
amine is due to the presence of only the cis methyl isomer rather than 
due to rapid interconversion of isomers. In the case of JV-ethyl-IV- 
phenylnitrosamine and A-z'-propyl-A'-phcnyhiitrosaminc both iso¬ 
mers have been detected by nmr spectra 69 . 


Table 11. Chemical shifts (r values) of nitrosamines in CC1 4 69 . 


RjRgN-NO Ha(CH) Ha(CH 2 ) Ha(CH 3 ) H/9(CH 3 ) Syn / 

-_- - - - - anti 


R x R 2 cis 


ch 3 

ch 3 

ch 3 

ch 2 ch 3 

ch 3 

CH(CH 3 ) 2 4.97 

ch 3 

C(CH 3 ) 3 

ch 3 

(CH 2 ) 3 CH 3 

ch 3 

ch 2 c 6 h 6 

ch 3 

C e H 5 

ch 2 ch 3 

ch 2 c 6 h b 

ch 2 c 6 h 5 

CH(CH 3 ) 2 5.13 

ch 2 ch 3 

c 6 h 5 

ch 2 c 6 h 5 

g 6 h 6 

GH(CH 3 ) 2 

C 6 H 6 4.38 

CH(CH 3 ) 2 

CH(CH 3 ) 2 5.11 


trans 

CIS 

trans 

CIS 




7.04 


6.48 

5.85 

7.07 

5.15 



7.13 




7.11 


6.53 

5.91 

7.08 


5.28 

4.70 

7.14 




6.62 


5.28 

4.76 



(6.58) 

(5.93) 6 


5.43 

5.30 

4.75 



5.99 

5.47 



4.84 




4.97 

5.74 


trans css trans ratio" 


6.24 


6.29 

8.95 

8.62 

73/27 

6.38 

8.91 

8.58 

89/11 

— 


8.46 

100/0 

6.30 



78/22 

6.33 



79/21 




100/0 


9.08 

8.67 

53/47 


9.02 

8.58 

82/18 


8.85 


—97/3 




100/0 


8.82 

8.55 

64/36 


8.85 

8.48 



“ Syn refers to the isomer with Rj cis to the oxygen. b Methylene of the ethyl group. 


In 1,4-dinitrosopiperazine, the existence of cis and trans isomers 
of the type 7 and 8 have been identified in the nmr spectra 70 . The 
two intense peaks at r = 5.394 and 6.175 have been assigned to the 

\ / \ P 

N—N N—N 

( 8 ) 

cis isomer, where the four protons of one CH 2 CH 2 group are equiv¬ 
alent, but differ from those of the other CH a CH 2 group. There is 
negligible coupling between the protons of the two groups. The low 
field peak is due to the CH 2 CH 2 group trans to the nitroso group. 
In the trans isomer both the CH 2 CH 2 groups are equivalent. 1,4- 
Dinitrosopiperazine is approximately 60% trans in acetone. I he 
chemical shift of a particular proton is affected by both the nitroso 
groups but not equally. 


N—N N-N 

J 


O 




(7) 
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The F 19 nmr spectrum of the dimer (CF 3 ) 2 NONO shows a single 
sharp fluorine resonance indicating the equivalence of all the 
fluorine atoms 81 . Apparently, in perfluorinated-iV-nitritoamine there 
is no rotational isomerism and there is free rotation about the 
NO—NO as well as about the N—ONO bonds. 

The proton chemical shifts in carbonium ions, particularly acyl 
cations, have been found to be nearly the same as those in N- 
nitrosamines, as can be seen from the data given below 71 : 


t6.07 


CH 3 —CH 2 —C=0 


t5.94 


(CH 3 ) 2 —GH—C=0 


t5.77 

5.67 


N—O 

II 

-N- 

+ 


t6.18 


N—O 


CH 3 —CH 2 —N—CH 3 

+ 


t5.85 


N—O 


(ch 3 ) 2 gh-—n—ch 3 
4- 


7-5.15 


CH 3 —GH 2 —G (CH 3 ) 2 


* V 

7-5.1 t5.50 


Since the electron deficient atoms are trigonal in both the species, 
iV-nitrosamines may serve as useful models for the nmr study of 
carbonium ions. 

Nmr spectra of iV-nitrosourethanes have been compared with those 
of urethanes and the effect of nitrosation on the deshielding of the 
protons H 1; H 2 and H 3 in structure 9 


X O 

I I II 

—G—-N—G—O—CH 2 —CH 3 

k 

Y v 

h 2 h 3 


(X = H or NO) 

(9) 
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has been studied 72 . Nitrosation deshields all the three protons H x , 
H 2 and H 3 as shown by the following data: 

Deshielding on nitrosation 


iV-Alkyl group 

Uy 

^2 


g 6 h 5 gh 2 

0.63 

0.47 

0.20 

k-C 4 H 9 

0.58 

0.47 

0.26 

cyclo-GeH,-, 

1.10 

0.40 

0.22 

;-c 3 h 7 

1.03 

0.41 

0.24 


The absence of restricted rotation about the JV-carbonyl bond in 
urethanes as well as in iV-nitrosourethanes indicates that the changes 
in chemical shifts accompanying nitrosation are due mainly to the 
anisotropy of the nitroso group. 

The internal rotation of/i-nitrosodimethylaniline has been studied 
by the proton spectrum and the heat of isomerization found to be 
r-dl Kcal/mole 73 . The results are in conformity with the N=0 
torsional frequency (110 — 180 cm" 1 ) in the far infrared region. 

Protonation of iV,iV-dimethylnitrosamine in cone H 2 S0 4 , 72% 
HC10 4 , CFgCOOH and HFSO a has been examined by the proton 
magnetic resonance spectrum 74 . Monoprotonation is found to take 
place only in fluorosulfuric acid around 0°, giving rise to a new 
signal due to the protonated species 10 . N, A^-Diethylnitrosaminc 


CH X 


CH, 


N—Fsh 


OH 


SO3F- 


( 10 ) 

and iV-riitrosopiperidinc also show signals due to the protonated 
species in fluorosulfuric acid. 

Recently, Freeman 75 has studied the nmr spectra of dimers of 


C-nitroso compounds and some of the 

data are 

summarized below 

a-Nitrosotoluene (dimer) 

ch 2 

4.62 

m-Nitrosomethane (dimer) 

ch 3 

5.80 

£ran.r-Nitrosomethane (dimer) 

ch 3 

6.00 

i-Nitrosobutane (dimer) 

ch 3 

8.40 

£-Nitrosobutane (monomer) 

ch 3 

8.75 


The dimer of a-nitrosotoluene shows only one methylene signal 
indicating a symmetrical structure. The cis and trans nitrosomethane 
dimers also show single signals due to the methyl group. The dif¬ 
ference in the chemical shifts of the cis and trans dimers is due to the 
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diamagnetic shielding of the NO group. In the trans isomers both 
methyl groups are cis to the oxygen and are therefore shielded, while 
in the cis isomer both methyl groups are trans to the oxygen and are 
not shielded. /-Nit rose butane shows two signals whose intensities are 
temperature dependent and the two signals at r 8.75 and 8.40 may 
be assigned to the monomer and dimer, respectively. The nmr 
studies clearly establish the diazine dioxide structure for the 
dimers of G-nitroso compounds. 

Freeman 76 has also examined the nmr spectrum of the alkylation 
product of nitrosohydroxylamine, which can exist in the isomeric 
11, 12, and 13 forms. On the basis of the nmr spectrum, it was not 

O O O N=0 

A A A. 

c 6 h 5 n=noch 3 c 6 h 5 n==nch 3 g 6 h 5 n—ogh 3 

(11) (12) (13) 

possible to decide between structures 11 and 12, since O-methyl and 
iV-methyl protons resonate at nearly the same fields. However, by 
analogy with the nmr spectrum of the benzylation product of N- 
nitrosobenzylhydroxylamine, the isomer has been shown to exist 
with the azoxy structure 11 rather than the diimide dioxide structure 
12 assigned earlier 33b . 

Nuclear magnetic resonance spectroscopy clearly shows that p- 
nitrosophenol exists predominantly as the benzoquinone monoxime, 
in agreement with the results from electronic and infrared spectra 23 . 

V. ELECTRON SPIN RESONANCE SPECTRA 

The electron spin resonance spectrum of the radical anion of nitroso- 
benzene has been studied in fair detail. The radical anion has been 
produced in the electron transfer reaction of aromatic thiolate 
ions 76 . A 34-line spectrum of the radical anion has been observed 
with a line-width (between centers of two extreme components) of 
28.7 gauss. The coupling constants have been found to be = 8.0, 
= 3-9) a n 0 = 2.9 ± 0.1 and a Hm = 1.1 ± 0.1 gauss. These 
workers have also obtained the nitrosobenzene radical anion by the 
reaction of potassium /-butoxide with nitrosobenzene. 

Recently, Levy and Myers 77 have produced the nitrosobenzene 
radical anion by electroytic reduction in liquid ammonia and ob¬ 
tained a 30-line electron spin resonance spectrum. The values of the 
various coupling constants given by these workers 77 are: a N = 7.97; 
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as ^ = 2.97; a Ho = 3.84, 4.14; and a Hm = 0.96, 1.14 gauss. The 
calculated spectrum shows good agreement with the observed 
spectrum. The two ortho and meta coupling constants arise from the 
effects of the non-linear G—N—O group held rigidly in a planar 

conformation. 

The nitroso compound, AcOCH 2 CMe 2 NO, which is colorless as 
a pure solid, gives rise to a deep blue solution which shows a signal 
in the electron spin resonance spectrum 78 . A 0.1 m solution of the 
compound in toluene showed hyperfine splitting with three sharp 
bands of equal intensity with a g factor of 2. It is suggested that the 
compound contained 6% of the biradical RNONOR derived from 
the dimer of the nitroso compound. 

VI. MICROWAVE SPECTRA 

Recently, the rotation spectrum of nitrosobenzene has been studied 
in the region 13000-24000 Mc/sec by Hanyu and Boggs 79 , em¬ 
ploying a Stark-modulated spectrometer with 100 Kc/sec square 
wave modulation. A spectrum with about 250 lines has been ob¬ 
served, but no quadrupole structure could be resolved. Several a-type 
R-branch transitions have been identified with band centers sepa¬ 
rated by about 2890 Mc/sec. The rotational constants have been 
determined. Nitrosobenzene molecule is found to be planar with the 
GNO group bent at an angle of 116° in the plane of the ring. 
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I. INTRODUCTION 

Although the light induced reactions of nitro compounds have been 
the subject of investigation since the nineteenth century, this area 
of photochemistry has only recently been exposed to the wealth 
of techniques now available to the modern investigator. As a result, 
our knowledge of the photochemistry of nitro compounds is mainly 
qualitative with relatively little available in the way of quantum 
yield data and kinetic studies. Likewise, emission spectroscopy, a 
powerful tool for elucidating the nature of lowest excited states, has 
been employed only sparingly on the substrates to be discussed. 

•This state of affairs contrasts sharply with the present status of the 
carbonyl functional group, the photochemistry of which has been 
extensively studied by physical and organic chemists and is, in many 
cases, fairly well understood. The photochemistry of aldehydes and 
ketones has been safely categorized into a number of primary 
photochemical processes 1,2 , an understanding of which has led to the 
prediction of new reactions and allowed for the explanation of 
others. By contrast, the large number of known photochemical 
reactions of nitro compounds has commonly been treated as a group 
of separate entities; only recently have attempts been made to 
classify them in some fashion. De Mayo 3 rationalized a number of 
photorearrangements of aromatic nitro compounds by postulating 
preliminary hydrogen abstraction as a common primary act. More 
recently, Calvert and Pitts 2 tabulated several primary processes 
for nitro compounds but these can account for but a small fraction 
of the known photochemistry in this area. 

It is with this in mind that I have ventured herein to categorize 
essentially all of the known photochemical reactions of nitro (and 
nitroso) compounds with the use of expanded lists of primary pro¬ 
cesses. Inevitably, some of these primary acts are mere postulates with only the 
faintest of experimental support; the listing of a given reaction with a particular 
primary act may be due entirely to mechanistic reasoning. My justifications 
for compiling the chapter in this fashion are (1) the hope that the 
postulates made here will encourage the experimentation necessary 
to verify or alter them and (2) that by providing the large body of 
data in this fashion, it will become clear that a number of the some¬ 
times extraordinary rearrangements rest on common ground. 

No attempt has been made in this chapter to provide a review of 
the general theories and vocabulary of photochemistry. The reader 
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y/ho is new to this area is referred to the excellent texts 2,4 now avail¬ 
able for an explanation of the basic concepts and nomenclature used 
herein. 


II. SPECTROSCOPY OF THE NITRO GROUP 

Since chapters one and two of this monograph deal with the 
theory and spectroscopy of the nitro group, the discussion in this 
section will be limited to a review of those data most appropriate to a 
rationalization of the photochemistry. 

Until recently, the ultraviolet absorption spectra of nitroalkanes 
were considered unexceptional, there being typically two bands 
observed. One of these appears at ca. 270 xn.fi with low intensity and 
is assigned to an n —> 7r* transition; the other band is observed at 
ca. 200 m fi with e ^ 5000 and is considered to be due to a tt -> 77 * 
transition. 5-7 However, the situation is now beclouded by the 
observation 8,9 of a third, as yet unexplained, transition at ca. 350 m^ 
in the absorption and circular dichroism spectra of several nitro 
steroids. In the absence of a definitive assignment for this band we 
will continue to assume that the lowest lying singlet and triplet 
states of nitroalkanes are n, tt*, an assumption which is supported 
by emission data for nitroaromatics (see below). The possibility has 
been raised 9 that this band is due to a second n -*■ tt* transition, 
though it was felt that this was unlikely (cf. Chapter 2 Figure 9). 

The present state of affairs is equally confused for nitroolefins. 
The ultraviolet absorption spectrum of 1-nitro-1-propene is reported 10 
to contain bands at 229 mfi (e = 9400) and 235 m fx (e = 9700) 
assigned as charge-transfer transitions. 11 Though no sign of the 
expected, displaced n —> n* transition could be observed, recent 
studies 12 with nitroethylene have revealed the presence of a long- 
wavelength band at 305 m ju. Furthermore, Djerassi and coworkers 
have also found 8 long-wavelength absorption (350 m^) in the 
ultraviolet spectrum of 6-nitro-A B -androstene-3/S,17/?-diol and two 
maxima in the circular dichroism spectrum (317 and 395 m/t). A 
circular dichroism study 9 of 6-nitro-cholest-5-ene has likewise 
revealed two long-wavelength bands (337 and 410 m fi) in addition 
to a presumed charge-transfer transition at 262 n i/i. The higher 
energy, long-wavelength maximum has been assigned 9 as the 
n -> tt* transition but the 400 m/i band remains anomalous and may 
be analogous to the 350 m^ band in the saturated steroids. 
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Even the spectrum of nitrobenzene is not free from controversy, 
there being present a long-wavelength absorption maximum at 
330 m/i which has been assigned 13-16 both as n — *■ 77 * and v -> 7r*. 
However, in one of the few emission studies reported for nitro 
compounds, Kasha 17 has found that 4-nitrobiphenyl, 2-nitrofluorene 
and 1,5-dinitronaphthalene all show unique phosphorescence with 
lifetimes and fine structure indicative of ann, n* lowest lying triplet 
state. These data lend strong support to the proposition that nitro- 
aromatics have n, n* lowest lying.singlet and triplet states (and that 
the nitrobenzene absorption at 330 mu is due to an n -> it* transition). 


III. PRIMARY PHOTOCHEMICAL PROCESSES OF 
NITRO COMPOUNDS 

A. A Convenient Representation of the Reactive Excited State(s ) 

. In considering the nature of the reactive species in a photochemical 
process, it is. commonly assumed that one need only be concerned 
with the lowest lying singlet and triplet excited states of the sub¬ 
strate. This postulate is based upon the observation that molecules 
ordinarily fluoresce and phosphoresce from their lowest singlet and 
triplet states respectively; thus, radiationless decay within the singlet 
and triplet manifolds is too rapid to allow for competition by emission 
from a higher excited state. The corollary has been that a photo¬ 
chemical process must also originate from one of these lowest levels, 
and though exceptions have begun to appear in the literature 18,19 , 
the assumption is still a valuable one for organic photochemistry. 

In almost all the studies to be described below, there are in¬ 
sufficient data available to allow for the assignment of multiplicity 
to the reactive species. However, one can say with some degree of 
certainty that the n, -rr* singlet and triplet states are lowest lying in 
aliphatic nitro compounds; the evidence, though still somewhat 
ambiguous, supports a similar conclusion in aromatic and vinyl 
reactants (cf. section II). It must be recognized that in the latter two 
cases, the assignment is made even more hazardous by the possibility 
of inversion of the order of close lying (e.g. n, 7 r*; 7 r, 7 r*) excited 
states through solvent effects or subtle structural changes. However, 
in the absence of more definitive data, we will assume here that the 
reactive species in the photochemistry of nitro compounds is an n, 1 r * excited, 
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state. The utility of this assumption is that it makes more facile the 
rationalization of the primary acts to be described below; note, 
however, that the reality of their existence is by no means dependent 
on our concept of the reacting excited state. 

Zimmerman 30 has suggested the representation of an n -> 7 r* 
transition for the carbonyl group shown in reaction 1. Structure (la) 

R R r 

/C—6: hv >• 6: \—6i + T) 

k yy R y y R / y 

(la) (lb) 

ground state n, it*, excited state 

■ = 7 r electrons o = sp electron y — p v electron 

suggests that the n, rr* excited state has considerable diradical 
character since the isolated electron on oxygen is orthogonal to the 
t r system. With reference to hydrogen abstraction, the excited state 
has been found to resemble an alkoxy radical. A shorthand replace¬ 
ment for structures la and lb is the simplified form 2. Using this 

\. . 

c—o 

/ 

( 2 ) 

nomenclature, the n tt* transition of the nitro group may be 
pictured as shown in reaction 2. Two provocative conclusions are 


,ol 

+ o: 

r /yy 

h y • / y 

- > —N 7 

\«„- 

o: 

o. 

yy 

yy 

(3a) 


ground state 


.o: + 

-- — N^y — 

- —N^y" 

yy 

yy 

(3b) 

(3c) 

n, 7?-* excited state 



( 2 ) 


suggested by the mesomeric forms 3a-c. First, the photochemistry 
of nitro' compounds should have much in common with that of 
carbonyl compounds since structures la and 3a are both diradicals. 
This appears to be borne out by the facts (cf. Table 1, section III.B). 
Secondly, the resonance structure 3c implies that a nitro n, ir* excited 
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state may also be found to exhibit 1, 3 diradical properties. Again, a 
shorthand notation is shown in structures 4a and 4b. 



,6 

'6 


(4a) 



(4b) 


B. Possible Primary Photochemical Reactions 

The primary acts which are considered in this review are listed in 
Table 1. Where there is sufficient analogy to the known photo¬ 
chemistry of ketones and aldehydes, a comparable reaction in that 
series is also listed 1,2 . 

C. Dissociation into Free Radicals 

. +,6 + x > 

RNO„ ——R—N -► R- + -N 

2 'rr o~ 

, The evidence for cleavage of the carbon-nitrogen bond as a 
primary act derives mainly from studies with nitroaliphatics, 
particularly nitromethane. It is known that the pyrolysis of these 
molecules results in cleavage of this bond, the dissociation energy of 
which is ca. 57 kcal/mole 21 . This value is well below the 95 kcal/ 
einstein associated with 3130 A light. 

The first proposal 22 that photodissociation was the initial reaction 
produced by irradiation of gaseous nitromethane was made in 1955 
as a means of rationalizing data then in the literature 23 . It had 
previously been felt that nitromethane first rearranged to methyl 
nitrite (a product later isolated) via an intramolecular rearrange¬ 
ment and that the nitrite subsequently underwent further decom¬ 
position. However, methyl nitrite formation could also be explained 
by a primary dissociative step followed by recombination (reactions 
3 and 4). 

h.v 

GH 3 N0 2 - > CH 3 - + NO a (3) 

GH 3 - + NO a -> CH 3 ONO (4) 

The observation of methane as a photoproduct (presumably due 
to hydrogen abstraction by the methyl radical) has been taken 21 as 
evidence for primary photodissociation. Rearrangement cannot, in 
any case, be the sole source of methyl nitrite, since Rebbert and 
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Table 1. Primary photochemical processes of nitro compounds. 

Nitro compounds Carbonyl compounds 

1. Dissociation into free radicals 

RN0 2 ->- R- + NO a RGOR->- RGO + R- 

2. Nitrogen-oxygen bond cleavage 

RN0 2 -> RNO + O 

3. Photocycloelimination 

rch 2 ch 2 no 2 -> RGH=CH 2 + hno 2 rgogh 2 gh 2 gh 3 -> 

rgogh 3 + gh 2 =ch 2 

4. Cis-trans photoisomerization 
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Slagg found 25 that introduction of N ls O into the photolysis results 
in the formation of CH 3 0N 16 0. Reactions 5-7 have been proposed 
to explain this observation. 


GH 3 N0 2 — 

■—> gh 3 - + no 2 

(5) 

gh 3 - +no 2 — 

—> CH a O- + NO 

(6) 

CH a O- + NO — 

—> GH 3 ONO 

(7) 


More conclusively, the esr spectrum of NO a has been recorded 
during the photolysis of nitromethane, nitroethane and nitro- 
propane 26 . This is the first direct evidence for the formation of NO a . 
Of interest is the fact that the quantum yield for methyl nitrite 
formation is higher at 2537 a than at 3130 a 26 . Methyl nitrite has 
been observed as a photolysis product in an argon matrix 27 at 20°K 
as well as in the liquid and gas phases. 

Although there is substantial evidence for photodissociation as a 
primary act, the available evidence does not exclude the possibility 
of concomitant intramolecular rearrangement to methyl nitrite 28 — 
further discussion of this reaction is reserved for section III.H. It has 
been suggested 29 that nitrobenzene may dissociate into phenyl 
radical and nitrogen dioxide but no substantial evidence for this 
process has appeared. An alternative primary act (N—O bond 
cleavage) has been proposed 30 (cf. section III.D). 

The photolysis of an A-nitro aromatic 31 ', which appears to result 
in dissociation, is shown in reaction 8. 



no 2 

2:1 


D. Nitrogen-Oxygen Bond Cleavage 

(6 

hv / 

RNO a -> R —N ) -> R—N=0 + O 

—6 

It is now well recognized 32,33 that nitrogen dioxide efficiently 
= 0.97) dissociates into nitric oxide and atomic oxygen upon 



The Photochemistry of the Nitro and Nitroso Groups 


173 


irradiation with 3130 and 3160 a light (the dissociation energy has 
been given 83 as 71-72 kcal/mole). An analogous process has been 
suggested for nitrobenzene to rationalize the products isolated upon 
its photolysis in the vapor phase (reaction 9) 80 . 'Fission of the nitrogen- 



(9) 


(5) (6) 

oxygen bond would lead directly to nitrosobenzene and atomic 
oxygen; the latter could conceivably oxidize nitrobenzene to the 
phenol (reaction 10) 30 . 



Several other mechanisms are feasible, however, and require 
consideration. One is dissociation to phenyl radical and nitrogen 
dioxide (section III.C) followed by photolysis of the nitrogen dioxide 
to produce nitric oxide and atomic oxygen. Further reaction would 
give the observed products (reactions 11-14). 


hv 


C 6 H 5 NO a - 

—> g 6 h 6 - + no 2 

(11) 

no 2 - 

hv 

- > NO + O 

(12) 

C 6 H 5 - +NO- 

—> c 6 h 6 no 

(13) 

C 6 H 5 NO„ + O - 

-> p-HOC 6 H 4 NO„ 

(14) 


(7) 


As regards reaction 12, it is interesting that only recently have 
investigators been able to find nitrogen dioxide among the photolysis 
products of nitromethane, even though the formation of this molecule 
occurs in the primary act (cf. section III.C). 

A second possible rational#for reaction 9 would be photoaddition 
of excited nitrobenzene to a ground state molecule; cleavage to 
nitrosobenzene and the diradical (7) would then account for the 
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products (reaction 15). Analogous reactions are discussed in section 

III.K. 



(7) 

In support of their proposal for nitrogen-oxygen bond cleavage 
in nitrobenzene, Hastings and Matsen cite 30 the liquid phase studies 
of Vecchiotti and his coworkers 34-36 (reactions 16-18). 

o - 

C 6 H 5 N0 2 + C 6 H 6 NH 2 ---> /,-NH 2 C 6 H 4 OH + C 6 H 6 N=NC 6 H 5 (16) 

( 8 ) 

+ 0-HOC 6 H 4 N=N—c 6 h 6 
(*>) 

G 6 H 5 N0 2 + C 6 H 6 CH 3 ——/>-NH 2 C 6 H 4 OH + C 6 H 5 NH 2 + G 6 H 6 G0 2 H (17) 

o- 

+ c 6 h 6 n=n—c 6 h 6 

G 6 H s N 0 2 + m-H 3 GG 6 H 4 NH 2 h *'-> o-HOC 6 H 4 N=NG 6 H 4 GH 3 -m (18) 

However, in the light of recent studies on the photoreduction of 
nitrobenzene by hydrogen donors (cf. section III.I), there is a good 
possibility that hydrogen abstraction and not oxygen atom formation 
is the primary act responsible for these reactions. The products are 
readily explained if one assumes that nitrosobenzene and phenyl- 
hydroxylamine are the initial products. Phenylhydroxylamirie is 
known to rearrange to j7-aminophenol; nitrosobenzene and phenyl- 
hydroxylamine rapidly condense to give azoxybenzene (8) which, 
in turn, is known to rearrange to o-hydroxyazobenzene (9). In fact, 
nitrobenzene is reported 37 to be stable to 3660 A light when dissolved 
in benzene, a solvent which is a poor hydrogen donor. 

Conversion of o-nitrobenzaldehyde to o-nitrosobenzoic acid 
(reaction 19) has been cited 38 as another reaction which may be a 
consequence of N—O bond cleavage; the initial act here may also 
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be hydrogen abstraction and is discussed in detail in section III.I. 
A more unusual example 39 of intramolecular oxidation-reduction 
is reaction 20. 



£. Photocycloelimination 

GIG „ 

, , hv . 

R(CH 2 ) 2 N0 2 -► RCH/ N—O - > RCH=GH 2 + HONO 

-O 

This primary process, reminiscent of the Type II process of car¬ 
bonyl photochemistry, has been suggested 25 to account for the 
formation of ethylene during the gas and liquid phase photolyses 
of nitroethane (reaction 21). 

hv 

C 2 H 5 N0 2 -—-> C 2 H 5 ONO + C 2 H„ + CH 3 CHO + NO (21) 

Paszyc has proposed 28 that the ethylene is formed, not through such 
unimolecular decomposition, but by the disproportionation of two 
ethyl radicals originating from photodissociation (reactions 22 
and 23). 

hv 

G 2 H 5 N0 2 -> G 2 H 5 - + NO, (22) 

2C 2 H 5 -C 2 H 4 + C 2 H 6 (23) 

F. Cis-trans Photoisomerization 

' hv 

«i-RCH=CHN0 2 v — <ranj-RCH=CHN0 2 

hv 

In 1957, Miller reported 40 that hmr-/S-nitrostyrene (10) could be 
photolytically isomerized to the cis isomer (reaction 24). More 
recently, several other examples of cis-trans isomerization of nitro- 
styrenes have been published 41 . 1 


H NO, H H 

\ s' - \ / 



( 10 ) 
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G. Olefin Photocycloaddition 


x N0 2 

. hv i 

RCH=CHN0 2 + R'CH=CHR --► 

R^R' 

Although a photodimer of trans- /i-nitrostyrene was first isolated 42 
in 1884, it wasn’t until recendy that its structure was established 40 ’ 43 
(reaction 25). The dimerization occurs only in the solid phase; 



hv 

solid 

phase 


> 


h 6 c 6 no 2 / 



(25) 


irradiation of a solution of trans- /1-nitrostyrene affords only the cis 
isomer as the product (section IILF). The resistance of the cis 
isomer towards dimerization may be related to the recent observa¬ 
tion 41 of photochromism in cir-/3-nitrostyrcnes (cf. section III.K). 

Cycloaddition of /3-nitrostyrene with a variety of olefins has been 
reported by Chapman and coworkers 44 (reactions 26-29). In all 
cases, the phenyl and nitro groups are found to be trans to one another 
in the product 45 . The absence of products with cis stereochemistry may 
again be related to preferential photochromism of m-/9-nitrostyrencs 
(see above). 


;ra»j-C 6 H 5 CH=CHN0 2 + 


( 10 ) 


10 + 


hv 


O 


10 + (C 6 U,) 2 C=C1I, -► 



(26) 


(27) 


(28) 
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10 + (ch 3 ) 2 c—c(ch 3 ). 


ch 3 


NO, 


ch 3 - 

— 

CH 3 


(29) 


tf. Nitrite Formation 

- hv 

RNO a -> RONO 

Until recently, this process was favored as the primary photo¬ 
chemical act of nitroalkanes (section III.C); although this is no 
longer felt to be so, nitrite formation has recently been resurrected 
as a means of rationalizing the photo-induced rearrangement of 
a ); S-unsaturated nitro compounds to oc-oximinoketones (reactions 30 
and 31) 44,48 . The mechanism suggested for these rearrangements is 



shown in reaction 32. Although acetone is not essential for the reac¬ 
tion, its use as solvent does lead to the highest yield of product and 
it may therefore be serving as a sensitizer. 


R' 


R' 


RCH=C 


hv 


-> RCH=C 


NO, 


\ 


R' 

/ 

-> RCH=C + NO 


ONO 


O- 


(32) 


RG—COR' < -RGH—COR' 


NOH 


NO 
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An apparently related reaction 46 is the rearrangement of 6- 
nitro-A 6 -cholesteryl-3/3-acetate ( 11 ). The oximinoketone ( 14 ) is 



(13) (14) 

regarded as having been formed from 6-nitrocholesta-3,5-diene ( 15 ) 
(cf. reaction 32), a compound which can indeed be isolated when the 
irradiation of 11 is conducted in hexane or aqueous dioxane (reaction 
34) 47 . 




O-N 

10 % 


Initial rearrangement to a nitrite has also been postulated to 
explain the formation of anthraquinone ( 17 ) and 10, lO'-bianthrone 
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mechanism is shown in reactions 36-38. Anthraquinone monoxime 


NO., 




O 
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( 19 ) has, in fact, been isolated from these photolyses and been shown 
to convert to anthraquinone upon irradiation in the presence of 
nitric oxide. If the nitric oxide produced in reaction 36 is efficiently 
swept from the system, reaction 38 is inhibited and the bianthrone 
( 18 ) can be isolated in yields as high as 86%. 

It is interesting to note that irradiation 61 of 9-nitroanthracene with 
longer wavelength light leads not to 17 or 18 but to a dimer, 20 , 
(reaction 39). The difference between reactions 35 and 39 may be 


hv 

- 7 > 

4200-5300A 

benzene 


( 20 ) 

due to the cleavage of 20 when shorter wavelength light is used. 
Alternatively, Yang has suggested 52,53 that two different excited 
states are involved in these reactions, with 20 arising from a lower 
7 r, 77 * triplet and 18 being formed via an upper n, n* triplet. Since 
no fluorescence can be observed in the emission spectrum of 9- 
nitroanthracene, intersystem crossing is presumed to. be highly 
efficient 54 . 

The postulated 48 sequence of events leading to nitrite formation is 
shown in reaction 40. In reality, the primary act proposed here is 
the addition of the excited nitro group to a 77 system; intermolecular 
versions of such additions are suggested in section III.D (reaction 15) 
and section III.K. Schemes similar to reaction 40 may be written 


NO., 





4 , 

ONO 


(40) 
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to rationalize the formation of nitrite from nitroolefins (reaction 32) 
Chapman suggests 48 that the nitro group must be forced from the 
plane of the tt system in order for nitrite formation to occur. Thus 
nitrobenzene appears to be stable under conditions which bring 
about the conversion of 9-nitroanthracene to the bianthrone. Nitro- 
aH'phatics should not be able to rearrange to nitrite esters if reaction 
40 is the requisite mechanism and, indeed, no such rearrangement 
in this series has yet been substantiated. 

The mass spectra of aromatic nitrocompounds 66-67 lend strong 
support to the overall picture presented here. All show a strong 
M-30 peak corresponding to the loss of nitric oxide, which in turn, 
is thought to arise via initial rearrangement of the nitro group 
(reaction 41). 

C 6 H 6 NO a -l-> [G.HjNOjt-> [C 6 H 6 ONOp-> [C 6 H 6 0]+ 

+ (41) 

NO 

There is no evidence that aliphatic nitrocompounds can rearrange 
upon electron impact in a similar fashion 58 . 


I, Hydrogen Abstraction 


c 6 h 6 no 2 



6 

\ / 

O- 



C 6 H 5 N0 2 H + R'- 


I. Evidence for and mechanism of hydrogen abstraction 

Mention has already been made of the fact that hydrogen abstrac¬ 
tion appears to be characteristic of molecules with low-lying n, tt* 
excited states (cf. section II); carbonyl compounds remain the most 
thoroughly investigated examples. Although the formation of aci- 
nitro structures had been proposed earlier 59-61 , hydrogen abstraction 
by the photoexcited nitro group was first invoked by de Mayo 62 
in 1960 as a general mechanistic approach to nitrophotochemistry. 
Substantial evidence for the existence of such a reaction came from 
the assignment 63 of 21 as the species responsible for the esr spectrum 
of an irradiated tetrahydrofuran solution of nitrobenzene. An 



( 21 ) 
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alternative explanation 64 for a similar system had attributed the 
signal to the formation of the radical anion which would result from, 
electron transfer from the solvent (cf, section III.J); recent data 66 
support the interpretation depicted in reaction 42. 

In 1962, Wettermark 66 was able to show that o-nitrotoluene was 
photochromic, a phenomenon presumably caused by the transient 
formation of a quinoid aa-nitro compound. One would predict on 
this basis that irradiation of o-nitrotoluene in a deuterated solvent 
should result in uptake of deuterium and this has been found to be 
the case 67 . The full sequence is shown in reaction 43 and incorporates 
two spin inversion steps because recent evidence implicates the 
triplet state as the species responsible for hydrogen abstraction 
(see below). 



(43) 


Initial hydrogen abstraction followed by the loss of HO- is 
presumably responsible for a M-17 ion as the base peak in the mass 
spectra of o-nitroaniline 68 and o-nitrotoluene 69 . Ions 22 and 23 have 
been suggested as the products of such decomposition. 



(22) (23) 

By using perfluoronaphthalene (fq ripl( . t = 56.6 kcal) as a triplet 
quencher, it has recently been shown 70 that photolytic hydrogen 
abstraction proceeds via the triplet state of nitrobenzene (^triplet == 
60 kcal). Specific irradiation of nitrobenzene in tetrahydrofuran 
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containing the quencher gave none of the esr signal associated with 

C 6 H 5 N0 2 H, but a signal attributed to triplet perfluoronaphthalene 
could be detected at low temperature. It is, of course,' still possible 
that the singlet state is involved in intramolecular reactions. 

The ultimate product of the photoreduction of nitrobenzene by 
hydrogen donors appears to be phenylhydroxylamine. Evidence to 
this effect dates back to the original studies by Giamician and 
Silber 71 on the light-catalyzed reaction of nitrobenzene with ethanol 
(reaction 44). It was assumed that the />-aminophenol formed via 
rearrangement of phenylhydroxylamine. The photolytic reduction 



OH 


of the nitro group to an hydroxylamino function has recently been 
conclusively demonstrated with two different substrates 72,73 (reac¬ 
tions 45, 46). 


NO., NHOH 



“quantitative yield” 



(GH 3 ) 2 CHOH 


The quantum yield for disappearance of nitrobenzene was found 
to be 1.14 ± 0.1 x 10 -2 ; the phenylhydroxylamine was identified 
by its ultraviolet absorption spectrum and by its conversion to 
nitrosobenzene (also identified by its absorption spectrum) 73 . The 
suggested 78 mechanism is shown in reactions 47-54. 

C 6 H 5 N0 2 - > C e H 6 N0 2 *U> (excitation to singlet) (47) 

G 6 H 6 N0 2 *< x) -> C g H 6 N0 2 (radiationless decay) (48) 
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CgHgNOj** 1 * -> C 6 H 5 N0 2 ** 3 * (intersystem crossing) (49) 

C 6 H 6 N0 2 *<3> - > G 6 H 5 N0 2 (radiationless decay) (50) 

C 6 H b N0 2 *<3> + CH 3 CH(OH)CH 3 -> 

C 6 H 6 N0 2 H + CH 3 C(OH)CH 3 (hydrogen abstraction) (51) 

g 6 h b no 2 h + CH 3 G(OH)CH 3 -> 

G 6 H b N(OH) 2 + GH 3 GOGH 3 (hydrogen abstraction) (52) 

G 6 H B N(° H ) 2 + CH 3 CH(OH)CH 3 -^ c 6 h 5 noh + h 2 o + CH 3 C(OH)CH 3 

(53) 

G 6 H B NOH + GH 3 G(OH)CH 3 —> . 

GgHgNHOH + CH 3 GOGH 3 (hydrogen abstraction) (54) 

There are several alternative mechanisms which one can write 
for the formation of phenylhydroxylamine; the most attractive is 
presented in reactions 55-61. 


CgH 5 N0 2 —> CgH 5 NO E 

*<i) ->. G 6 H 5 N0 2 * (3) 

(55) 

C 6 H b N0 2 *<3> + CH 3 CH(OH)CH 3 — 

— > C 6 H 6 N0 2 H + GH 3 G(OH)CH 3 

(56) 

CgH 6 N0 2 H + CH 3 C(OH)CH 3 

- > CgH 6 N—O—G (CH 3 ) 2 

(57) 


OH OH 


C 6 H 6 N— O— C(CH 3 ) 2 ->■ CgH B NO + CH 3 COCH 3 + H a O 

(58) 

OH OH 



hv 

C 6 H B NO -> 

CgH B NO* 

(59) 

G 6 H b NO* + CH 3 CH(OH)CH 3 - 

-> CgH 6 NOH + CH 3 C(OH)GH 3 

(60) 

G 6 H b NOH + GH 3 C(OH)CH 3 — 

— > GgHgNHOH + GH 3 COGH 3 

(61) 


Reactions 55-58 provide a possible rationale for the known cap¬ 
ability of nitrobenzene to photooxidize hydrogen donors. For 
example, exposure of nitrobenzene and toluene to sunlight leads to 
the formation of benzoic acid among other products 35 (reaction- 62) 
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(cf. section III.D). A possible mechanism is presented in reactions 
63-66. 


hv 

c 6 h 5 no 2 -> g 6 h 5 no 2 *(i)-> g 6 h b no 2 *(3) 

C 6 H 6 N0 2 *(3) + C 6 H 5 GH 3 --> G 6 H 5 N0 2 H + C 8 H 6 CH 2 - 


c 6 h 6 no 2 h + G 8 H 5 CH 2 -> c 6 h 6 n-o-ch 2 c 6 h b 

OH 

C e H B N—O—CH 2 C 6 H 5 -> g 6 h 6 no + c 8 h 6 ch 2 oh 

OH 


(63) 

(64) 

(65) 

( 66 ) 


etc. 


As regards reactions 59-61 the photoreduction of nitrosobenzene 
is known and will be discussed further in section V. Were C 8 H 5 N(OH) 2 
an intermediate (reaction 52), it would seem more likely that it 
dehydrate to nitrosobenzene than disproportionate as shown in 
reaction 53. The two mechanisms given here are readily distinguish¬ 
able since the acetone formed in reaction 54 retains the isopropyl 
alcohol oxygen, whereas the carbonyl oxygen formed in reaction 61 is 
derived from the nitro group. 


2. The o-nitrobenzaldehyde rearrangement and related reactions 

A number of light catalyzed intramolecular rearrangements of 
nitroaromatics are now known in which the nitro group is reduced 
to a nitroso function while an oxygen atom is apparently inserted into 
a G—H bond located in an ortho position (reaction 67). The 
required ortho orientation was recognized as early as 1904 when 
Sachs and Hilpert 74 proposed that ‘all aromatics which have a 


R—G—H R—C—OH 



hydrogen ortho to a nitro group will be light sensitive’. Representa¬ 
tive examples of this intramolecular oxidation-reduction process are ' 
shown in reactions 68—74. 
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GHO COOH 



CN 

I 


HO—C—H COoH 



There are several mechanisms which one can write to account for 
these products. Nitrogen-oxygen bond cleavage and subsequent 
oxygen atom insertion into the C—H bond has been suggested 38 
(cf. section III.D). The best alternative, preliminary transfer of a 
hydrogen atom to the nitro group, appears to have first been sug¬ 
gested by Tanasescu 59 and more recently by Berson and Brown 60 . 
The concept was expanded by de Mayo and Reid 80 who utilized 
initial hydrogen abstraction as a means of rationalizing several 
photolytic rearrangements of aryl nitro compounds; an example of 
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their mechanism is shown for the o-nitrobenzaldehyde reaction 
(reaction 74). The final step in reaction 74 is made clearer when 
represented in a step-wise fashion (reaction 75). 



The same reaction may be written in a slightly different fashion 
(reaction 76) in order to emphasize its possible analogy to a mecha¬ 
nism (reactions 63-66) previously suggested for z'wfermolecular 
oxidation-reduction. 



O 


( 26 ) 

When the odd electrons in 24 are paired, one might consider 24 
to be just another representation of the ketene 25. However, the 
approach taken in reaction 76 does suggest that a ketene should not 
be required for this type of reaction, a supposition borne out by the 
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recent observation 81 of reaction 77. (One has to note that collapse 
of 25 to the acid 26 must be much more rapid than attack by- 
solvent, because photolysis in z-propyl alcohol leads to acid and 
not ester (see discussion below).) A ketene intermediate is plainly 




+ GH.,0 


(77) 


impossible for reaction 77, but coupling of the diradical 29 readily 
rationalizes these results (reaction 78). 


nhch 3 nhch 2 O' 

no 2 o 2 n^ jh' 

hv . 




OH 


CFo 


cf 3 

(29) 



A piece of data which at one time gave credence to ketene forma¬ 
tion was the observation that the ester of o-nitrosobenzoic acid is 
formed when the aldehyde is irradiated in alcoholic solution. 
However, the evidence now available is no longer compatible with 
the supposition of a ketene precursor of the ester. In 1910, Bamberger 
and Eiger 79 proposed the sequence shown in reaction 79 to explain 
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ester formation. They were able to show that ortho and para nitro- 
benzaldehydes, when dissolved in alcohol, could be converted by light 
to their acetals under conditions where dark reactions were negligible, 
furthermore, the ortho acetal 80 (but not the para isomer) could 
be shown to rearrange to the ester (reaction 73) upon irradiation. 
Of great interest was the observation that i-propyl alcohol as solvent gave 
mainly acid as product with little ester; it was therefore suggested that two 
different reaction pathways were operative for the o-nitrobenzaldehyde re¬ 
arrangement, one leading to acid and one leading to ester. 

Support for this proposal has recently come forth in the work of 
Mauser and Heitzer 82 who have observed that both cyclohexane and 
freshly prepared i-propyl alcohol solutions of o-nitrobenzaldehyde show 
a band in the ultraviolet at 3000 a which is absent in methanol or 
long-standing (few weeks) i-propyl alcohol solutions. They suggest 
that hemiacetal formation is a rapid dark reaction in methanol and 
that it is the hemiacetal which is photolytically converted to acetal 
and then to nitroso ester (reactions 80-83). Since hemiacetal forma¬ 
tion is slow in i-propyl alcohol, only the acid is formed. 



The rearrangement of the acetal to nitroso ester is straightforward 
and may be readily rationalized along the lines already discussed. 
However, the photolytic formation of acetal (reaction 81) requires a 
somewhat different explanation. It is claimed 82 that the rate of this 
reaction is about thirty times greater than the rate at which o- 
nitrobenzaldehyde forms o-nitrosobenzoic acid in cyclohexane. Since 
the latter reaction has been shown 78 to have a quantum yield of 0.5, 
a radical chain process is implicated. Furthermore, the authors 
detect an esr signal when the aldehyde is photolyzed in methanol, 
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and attributed it to structure 31. They propose reactions 83-85 to 
account for these results. 


H—C—OGH, 




+ HO 



(83) 


(84) 


(85) 


To our knowledge, reaction 84 is without precedent in free radical 
chemistry and a more attractive alternative can be written (reaction 
86-89) which is based upon recent studies 83-85 of nitroaromatic 
radical anions. 




( 86 ) 


(87) 


OCH„ 

I 

H—C—OGHj 

,no 2 


OH 

H—G—OGHj 


N' 




O 


( 88 ) 
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There is a large amount of data now in the literature concerning 
the photochromism of suitably substituted nitroaromatics; the 
substrates all have in common a benzylic hydrogen ortho to the nitro 
group and it is well established 86-88 that the colored transients have 
an act -nitro structure (reaction 90). An interesting exception is the 
recent report by Bluhm and Weinstein 89 (cf. section III.K). 


R 



Although aliphatic nitro compounds should, in theory, be equally 
capable of abstracting hydrogen atoms, the only relevant experi¬ 
ments are those referred to in section III.E. 


J. Radical Anion Formation 


RNOj; 


RN 




.O' 


O' 


< -> 


R—N 



In 1963, Ayscough and Sargent 90 noted that upon irradiation of 
nitrobenzene in basic alcoholic solutions, an esr signal developed 
which was characteristic of the radical anion of nitrobenzene, (34) 
(reaction 91). 


c 6 h 6 no 2 


hv 

- >- 

EtONa/EtOH 


c 6 h 5 no 2 + + ch 3 ch 2 o 

(34) 


(91) 


Although this appeared to be an example of what one might term 
‘electron abstraction’ by the photoexcited nitro group, Russell and 
Geels 91 suggested that the radical anion actually came about via 
initial hydrogen abstraction (reactions 92, 93, 94 or 95, 96). 
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h « , CH0CH0O - 

C 6 H b NO, ---► C 6 H 5 N0 2 * —-——> C 6 H 6 N0 2 H + CH 3 CH=0^ (92) 


c 6 h 6 no 2 h-> 

C 6 H 6 N0 2 - + H+ 

(93) 

C 6 H 5 N0 2 + GlLjCI-r- o — 

—► G 6 H 5 N0 2 - + CH 3 GHO 

(94) 

c 6 h 6 no 2 h + gh 3 ch=o^ — 

—>- G 6 H 6 N0 2 H- + CHgCHO 

(95) 

C 6 H 6 N0 2 H- + C 6 H 6 N0 2 : 

-- H+ + 2C e H 6 N0 2 ~ 

(96) 


More recently, Russell and Danen 86 have observed that photolysis 
of m-nitrobenzyl chloride in the presence of the 2-nitro~2-propyl 
anion produces the radical anion of m-nitrobenzyl chloride; with 
/j-nitrobcnzyl chloride, a chain reaction follows the electron transfer 
and results in alkylation. Similar observations were made with 2- 
nitro-2-propyl halides (reactions 97-100). 


hv 


R- + R'X - 

—> R- + R'X- 

(97) 

R'X- — 

—> R'- + X- 

(98) 

R'- + R- 

-> R'—R- 

(99) 

—R- + R'X 

^ " R'—R + R'X~ 

(100) 


etc. 



(R'X = nitrobenzyl chloride) 


K. Nitro Photocycloaddition 


RNO, 


hv 


> RN 




O 


/Oy 
-> RN I 


Before listing the reactions which appear to proceed via this 
primary act, it is worth noting that a photochemical process which 
would be more analogous to oxetane formation in the carbonyl 
series, would be N—O photocycloaddition; since the initial product 
of such a reaction could easily rearrange to the product of Q—O 
photocycloaddition, a distinction between these cannot be made at 
this time (reaction 101), 


RNO, —> RN) 


O 


o~ 


o 

> +1^ 
R—N— 


-> R—N 


/°y 


o_ 


7 


(ioi) 


This primary act was first suggested by Buchi and Ayer 92 as a 
means of explaining the reaction of nitrobenzene with 2-methyl-2- 
butene (reaction 102) and cyclohexene (reaction 103). The authors 


The Photochemistry of the Nitro and Nitroso Groups 


193 


NO., 


+ (CH 3 ) 2 C=CHCH 3 - > CH 3 COCH 3 + GHgCHO + c 6 h 5 nhcoch. 


CH, per 

o—c 


+ c,ii,n; 


NO, 


G—O 
(35) 


C 6 1I-N=NG (i H 1 + CHO(GH,). t CHO 


( 102 ) 


(103) 


noted the similarity of these reactions to ozonolysis and suggested an 
initial adduct analogous to an ozonide. The suggested mechanism 
is shown in reaction 104. The formation of acetanilide could proceed 
NO, 


CH, 


a \ / 
+ c=c 

CH, 


CH, 


CH, 


H 


hv „ v /°-/-CH. 

—> C 6 H 6 N^ o ^: ch 3 
H 


CH,CHO + C„HjK 


CH, 


(35) 


C 6 H 5 N JK + CH 3 COCH 3 

O X H 


G 0 H 5 NHCOCH 3 


(104) 


through formation of the oxazirane (reaction 105) and azobenzene 
was suggested to have been generated from phenyl nitrene (reaction 
106). 

CH, 


CgH^N C' 


CH, 


-> CnHr.N —C 


/ 


\ / \ 

O H 


C 6 H 5 NHCOCH 3 (105) 


c 6 h b no 2 + 


o 


■> C 0 H r ,N: 


O 


O 

G“H" 
> c 6 H 6 N c-h 


\ 


o 


C 6 H 5 N=NC 6 H B ^C S H 6 N: + CHO(CH 2 ) 4 -CHO , 


( 106 ) 
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Photolysis of nitrobenzene in the presence of diphenylacetylene 
has been found 93 to give an even more complex mixture of products 
(reactions 107 and 108), Scheinbaum suggests the mechanism 
depicted in reactions 109-114. No suggestion was made as to how 

hv 

c 6 h b no 2 + c 6 h 5 c=cc 6 h 5 --> (c 6 h 5 ) 2 c=nc 6 h 6 + co 2 + c 6 h 5 no 

pyrex 
pet, ether 

100 mmoles 100 mmoles 12 mmoles 20 mmoles 3 mmoles 

+ (C 6 H b CO) 2 NC 6 H b + o-OHC 6 H 4 N=NC 6 H b (107) 
18 mmoles 0.4 mmole 

g 6 h 5 

+ (C 6 H S ) 2 C-N 

(C 6 H 5 ) 2 G-G 

o 

0.9 mmole 

hv 

c 6 h 5 no 2 + c 6 h b c=cc 6 h b + h 2 o 

aq, dioxane 

X’s 50 mmoles X’s 

(C 6 H 5 ) 2 CHCOOH + (C 6 H 6 CO) 2 NG 6 H 5 
3 mmoles 20 mmoles 

+ C 6 H 5 COCOC 6 H b + C 6 H b N=N( 0)C 6 H 6 (108) 
6 mmoles 5 mmoles 

+ o-OHC 6 H 4 N=NC 6 H b 
0.5 mmole 


hr „ C..H.C—CC 6 H 5 

c 6 h b no 2 -> c 6 h b no 2 * —-—> 

G 6 H 5 NO + (C 6 H b ) 2 G=C=0 (109) 

(G 6 H b ) 2 G=G=0 + C 6 H b NO -> (C 6 H 5 ) 2 G-G=0-, 

c 6 h b n-o 


(G 6 H b ) 2 G=G=0 + (C 6 H 5 ) 2 C=NC 6 H b -> 


(G 6 H 5 ) 2 G-G 


+ co 2 

(110) 

-ng 6 h 5 

(111) 

-G 


\ 



o 


3C 6 H b NO -> c 6 h b no 2 + C 6 H b N=N(0)C 6 H 5 


hv 


-> 0-OHC 6 H 4 N=NC 6 H b 


( 112 ) 
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C 6 H 6 NO a * + C 6 H,C^CC 6 H, -> G 6 H 5 N' 




x o' / G k H, 


g„h r n 


/ 


COG.H, 


O C c H k 

/ \ / 


O G fi H s 

-/ \ / * 


■< - G 6 H 6 N-G •<- C 6 H 5 N G 


goc 6 h 5 


c 

/ \ 


/\ 

o G»H 


5 

(113) 


OH 

\ / h 2 o I 

c 6 h 6 n g -> g 6 h 6 nh— o— ccoc 6 h 6 -> c 6 h 6 gogoc 6 h 5 


✓ 


G«H, 


O C 6 H 5 


+ 


c 6 h 5 nhoh 


(114) 


C 6 H 5 N^ Y C 6 H 6 N- qG 

X ~ i 

O CgHg 


><X .c 6 H 5 


-> C 6 H 3 NO 


cr x c h 5 


c 6 h 5 c-coc 6 h 5 


(C 6 H s ),C—G—O 


(115) 


nitrosobenzene and diphenylketene might have been formed (cf. 
reaction 109); reaction 115, a modification of reaction 113, is one 
conceivable possibility. Thus initial photocycloaddition (reactions 
113 and 115) accounts well for the products. 

Intramolecular cycloaddition has been proposed by Splitter and 
Calvin to rationalize the photolytic rearrangement of o-nitrostilbenes 
to 2-phenylisatogens 94-96 (reactions 116 and 117). Using ultraviolet 




benzene 



(116) 


196 


Harry A. Morrison 




(117) 


38% 


( 36 ) 


19% 




( 37 ) ( 38 ) 


spectroscopy, these workers were able to detect an intermediate 
which went on to form the isatogen 36 in a dark reaction; they 
suggest that this intermediate is 40 , and that it is oxidized to the 
isatogen by an intramolecular oxidation-reduction reaction in¬ 
volving its hydrolysis product, 41 . The adduct 39 is suggested as the 
precursor of 40 (reactions 118 and 119). The indoxyl 38 is ration¬ 
alized as being formed by reduction of the isatogen. 



no 2 

lCH(OH) -COC«H 4 N(CH 3 ) 2 . / 
OjN^^^^NHOH 



( 41 ) 
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40 + 41 ->■ 


NO., 

- S 



o 


0 9 N" ^ 'N+ C 8 H 4 N(CH 3 ) 2 -/> 

o_ 

( 36 ) 



Actually, the formation of 37, /j-dimcthylaminobcnzaldehydc, 
and the proposed intermediate 40, are all very nicely accounted for 
by the adduct 39; formation of the intermediate is detailed in reaction 
120 and the other products in reaction 121. 


NO, H 


H 


fQTt?Jr c « H 4 N(CH3)2 ^ 

o 2 N- 

( 39 ) 


NO, 


&£ oh „ 


0 2 N'^'^; I ] f C 6 H 4 N(CH 3 ) 2 -i) 

o_ 

( 40 ) 



NO, 




Several other types of substrates have been found to yield isatogens 
upon irradiation 97 ^ 99 . One of the more fascinating rearrangements 
is that of o-nitrotolan (42) to 2-phenylisatogen (43) 98 (reaction 122), 
One possible mechanism is presented in reaction 123. 
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^£-C-C 6 H 8 

V^-NO, 


hv 

pyridine 


> 


(42) 


42 


hv 


> 



( 122 ) 



C=C- 

I. 

o 


-C«H 


e n 5 


(123) 


O 



I 

CL 

(43) 


i C—CsHg 

^^N=0 


The isolation of the indoxyl, 38, by Splitter and Galvin could be 
the key to an explanation for the formation 100 of indigo (45) from 



+ 2C g H 5 COOH 

(124) 



( 125 ) 
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44 (reaction 124). Indoxyl is known to air oxidize to indigo and 
could be formed as in reaction 125. An alternate photochemical 
route to indigo has been reported 101 (reaction 126). 


—ch 2 —coch, 

h* NH, ,, , 

->• -► indigo (126) 

When viewed in detail, the formation of the cycloadducts in a 
completely concerted fashion seems improbable since the diradical 
excited state precursor has its two unpaired electrons in orthogonal 
orbitals. This would suggest that a more fundamental approach to 
the primary act would be a hypothetical addition of the diradical 
to a tt system to produce a second transient diradical 46 (reaction 
127). It has already been suggested (reaction 15, section III.D) that 



RNO a + 




> 


o 


R N x 


O' 


(127) 


(46) 

an adduct similar to 46 may be responsible for the formation of 
nitrosobenzene from nitrobenzene. Another intermolecular example 
was the postulated addition to the acetylene linkage (reaction 123). 
Chapman has proposed an intramolecular analog (reaction 40, 
section III.H). 

With this in mind, the recent report of Bluhm and Weinstein is of 
great interest 89 . They find that /1-nitrostyrene derivatives are photo- 
chromic as long as the aryl and nitro groups are cis to each other. 
[Whatever is causing these compounds to be photochromic could 
also be the reaction responsible for the fact that aT/3-nitrostyrene 
has never been photodimerized nor added successfully to olefins 
(section III.G).] Though there is as yet no evidence published which 
would support this postulate, it may well be addition of the nitro 
group to the aromatic ring which is resulting in a colored product 
(reaction 128). If true, this reaction would constitute further evidence 
for a fundamental primary act in which the excited nitro group adds 
stepwise to unsaturated systems (in this case, resulting in con¬ 
comitant C=N formation). 



dark 


(128) 
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IV. PHOTOINDUCED NUCLEOPHILIC 
SUBSTITUTION OF NITROAROMATICS 

It is not yet clear how essential the nitro group is to the reactions 
described below. In the case of photochemical solvolyses 102 (reactions 
129 and 130), there is evidence that the presence of other electron 
withdrawing substituents on the aromatic ring will also bring about 
the phenomena observed 103 . However, it may well be more than 



coincidence that all of the photochemical nucleophilic aromatic 
substitutions so far reported, take place with nitroaromatics; for this 
reason, I have included representative examples and references in 
this review. 

The first observation of unusual reactivity in a nitroaromatic, 
directly attributable to photoinduced nucleophilic attack on the 
benzene ring, involved m-nitroanisole 104 . Recent experiments 105 
with oxygen-18 labeled base indicate that the initial attack is on the 
ring carbon and not on the carbon of the methoxy group (reaction 
131). Further support for this mechanism comes from the flash 



hv 




(131) 



photolysis of basic solutions of 3,5-dinitroanisole 106 , whereby an 
ultraviolet absorption spectrum attributable to the sigma complex 
is observed. Interestingly, 2-bromo-4-nitroanisole reacts in a similar 
fashion but 3-nitrobromobenzene is reported to be unreactive 107 (re¬ 
action 32). 

The nature of the nucleophile plays a large role in determining the 
site of attack on the ring. Methylamine 108 , hydroxide ion 108,109 and 
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major product 


(132) 


pyridine 109 give a variety of products with /j-nitroanisole (reactions- 
133-135). Still a third type of reaction occurs when cyanide ion is the 
nucleophile 110 (reaction 136). 



(133) 


(134) 


(135) 



(136) 


Other examples 111,112 of nucleophilic attack on the carbon bearing 
nitro groups are shown in reactions 137 and 138. 
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Letsinger and Wubbels recently published 113 on the reaction of 
nitrobenzene with cone, hydrochloric acid (reaction 139). Nitration 





(139) 


of nitrobenzene with nitric acid during irradiation with ultraviolet 
light has been shown to give a mixture of meta and para dinitro¬ 
benzene 114 . 


V. ULTRAVIOLET SPECTROSCOPY OF 
NITROSO COMPOUNDS 

Since this subject is extensively reviewed in Chapter 3 of this volume, 
only the salient features of the ultraviolet absorption spectra of 
nitroso compounds will be treated here. 

Nitroso aliphatics show characteristic absorption in three regions : 
ca. 6900, 2700 and 2200 A. Both of the long-wavelength bands have 
been assigned to the promotion of a non-bonding ( n ) electron to an 
anti-bonding ( 71 *) orbital. The red band (6900 A) is due to an 
n N ~* 7r * transition 116,116 whereas the 2700 A band has been assigned 
to an n 0 —> v* transition 118 . Aromatic nitroso compounds also show 
a band in the visible region (ca. 7000 A) which is likewise assigned 
to an n N ~>TT* transition 117,118 ; for this class of compounds, the 
n 0 -> tt* band appears to be buried under bands attributed to the 
aromatic ring. 

From these data, one can say that the lowest lying singlet and 
triplet states of nitroso compounds are n, tt* with most of the photo¬ 
chemistry discussed in section V resulting from an initial n N -> 71 * 
transition. The obvious exception is the resistance of aryl nitroso 
compounds to photolysis by red light (cf. section V.B). Nothing is 
yet known of the possible involvement of triplet states in nitroso 
photochemistry. 
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VI. PRIMARY PHOTOCHEMICAL PROCESSES 
OF THE NITROSO GROUP 

A. Compilation of Primary Photochemical Acts 

Listed in Table 2 are the primary processes which have been sug¬ 
gested to explain the photochemistry of nitroso compounds. Rela¬ 
tively little work has been done in this area by comparison with the 
nitro group. 

Table 2. Primary photochemical processes of nitroso compounds. 

Reaction Glassification 

hv 

1. RNO - > R* + NO Photodissociation 

. hv . 

2. RNO + RH - > RNOH + R * Hydrogen abstraction 

hv 

3. R 2 C—GHR 2 - > R 2 C=CR 2 + HNO Photocycloelimination 

NO 

Cl 

I hv 

4. R—C— GR 3 - > R—G— CRg + Cl* Halogen atom expulsion 

NO NO 


B. Photodissociation 

hv 

RNO -R- + NO 

I. Nitroxide formation 

The formation of nitroxides by the irradiation of aromatic and 
aliphatic nitroso compounds is now well established. The reaction 
was first observed with nitrosobenzene using esr to detect the 
product 120 (reaction 140). 

2G 6 H g NO -> (G 6 H S ) 2 N—6 + NO (140) 

Mackor, Wajer, de Boer and van Voorst 121 have since found that 
this reaction is general for aliphatic and aromatic nitroso compounds; 
the wavelength of light required to bring about formation of the 
nitroxide is dependent, however, on the nitroso compound. Thus 
primary, secondary and tertiary nitrosoalkanes can be converted to 
nitroxides by red light (A > 6600 A) whereas nitrosobenzene requires 
irradiation with ultraviolet light. Since many nitroso compounds 
exist at room temperature in equilibrium with their azodioxy 122 
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dimers, there has been some suggestion 123,124 that these dimers are 
responsible for nitroxide formation (reaction 141). Because the 
O- 

R—rl=N—R -- > RoNO- + NO (141) 

_|_ J ultraviolet 

o_ 

dimers do not absorb visible light, this reaction would, at best, 
explain only the formation of nitroxide due to ultraviolet light. 
Recent data 125 now indicate that exclusively monomeric nitroso sub¬ 
strates give rise to nitroxides when irradiated in the u.v. (reaction 
142) and that the dimers are cleaved to monomers upon photolysis 
(reaction 143). (Reaction 143 has been used to make exclusively 



(monomeric) 



OCOCH 3 


R- 


cr 

+ I 

-N—N—R 

I + 

_o 

trans 


hv 


3200-3600* 

-198' 


2RNO 


dark 

-80‘ 


R 


-O 


N=N 


CL 


(142) 


(143) 


cz'j-azodioxy dimers.) These data have been interpreted 125 as indicat¬ 
ing that nitroxide formation occurs exclusively from monomeric 
nitroso compounds (reaction 144). 


azodioxy dimer 


hv 

-^ 

U.V. 


monomeric 

nitroso 

compound 


hv 

->- nitroxide 

U.V. or 
visible 


(144) 


The simplest explanation for nitroxide formation from nitroso 
compounds is the sequence of reactions shown in reactions 145 and 
146. Strong support for this view comes from the report 121 that 

hv 

RNO ->■ RNO* -> R’ + NO (145) 

R- + RNO -> R 2 NO- (146) 


mixed aryl aliphatic nitroxides can be made using red light (i.e. 
light which does not decompose nitrosobenzene) (reaction 147). 


CHo 

I 

C 6 H 6 NO + CHg—G—NO 
CH„ 


hv 


* > 600 A 


CHo 

I 

CHo—C-N—O- + (<-Bu) a —N—O’ (147) 


ch 3 c 6 h 5 
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jsfitroso compounds have been shown 121,126 to add alkyl radicals in 
this fashion (reaction 148). 

NO 

| CH„ CH, CH„ 

^ I I 60“ 1 

; I + NC—C—N=N—C—CN ->- NC—C-N—C 6 H 6 + N 2 (148) 

GH 3 CH 3 CHg O- 

The possibility of collision between a long-lived excited state of 
the nitroso compound and a second molecule with the concomitant 
formation of nitroxide has been proposed and it is felt that this 
mechanism still warrants consideration 121 (reaction 149). 

hv RNO 

RNO -> RNO* ->• R^NO- + NO (149) 

2. N-Nitritoamine formation 

When perfluoronitrosomethane is irradiated with red light, 
compound 47 is the principle product observed 127,128 (reaction 150). 

hv 

2GF 3 NO - - -->► (CF 3 ) 2 NONO (150) 

red light 
vapor 

.(47) 

quantitative yield 

The mechanism which has been put forth to explain this reaction 
involves photodissociation as the primary act (reaction 151) 127 . 

hv 

CF 3 NO -> GF 3 - 4- NO 

CF 3 - + CF 3 NO --> (CF 3 ) 2 N.O- 

(48) 

(CF 3 ) 2 N—O- + NO -->- (CF 3 ) 2 NONO (151) 

or 

(CF 3 ) 2 NO- + CF 3 NO -> (CF 3 ) 2 NONO + GF 3 - 

However, a primary act (reaction 152) reminiscent of that sug¬ 
gested to explain nitroxide formation (e.g. reaction 149) has also 
been proposed 128 . 

h» CF,NO 

CF 3 NO ——> GF 3 NO* —-—> (GF 3 ) 2 NONO (152) 

The fact that bis(trifluoromethyl)nitroxide ( 48 ) has not been 
detected in this reaction and the absence of CF 3 NF a when per¬ 
fluoronitrosomethane is irradiated in the presence of N 2 F 4 has been 
taken as evidence against an initial photodissociation 129 . On the 
other hand, 48 has recently been isolated and does indeed react with 
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nitric oxide to give the nitrite 47 130 . Haszeldine has recently 13 i 
reaffirmed his belief in the photodissociation mechanism, at least 
as regards ultraviolet induced reactions. 


3. Mass spectral data 

The base peak in the mass spectrum of nitrosobenzene appears at 
77 m/e, corresponding to the loss of NO from the parent ion (reaction 
153) 132 . Experience with a number of systems suggests that facile 
cleavage of this sort in the mass spectrum usually is mirrored in the 
photochemistry of the molecule. 

C 6 H 5 NO ——> C 6 H 5 + + NO (153) 


C. Hydrogen Abstraction 

C 6 H 5 NO + R'H G 6 H 6 N0H + R'- 

Nitrosobenzene, upon irradiation with ultraviolet light, has been 
shown to form azoxybenzene and 2-hydroxyazobenzene as the 
major products (reaction 154). 

O- 

C 6 H 5 NO C 6 H 6 iL=NC 6 H 5 + o-OHC 6 H 4 N=NC 6 H 5 (154) 

CH s OH + 


When the reaction is followed by ultraviolet absorption spectroscopy, 
isojbestic points are observed which have been attributed 133 to a 
radical intermediate 49 which dimerizes and upon subsequent 
dehydration leads to azoxybenzene (reaction 155). 


CH.OH 


> C 6 H 6 NOH + CH 2 OH 


(49) 


o- 


2 C 6 H 5 NOH 


-> c 6 h 5 n-n-g 6 h 6 

OH OH 


-> C 6 H 8 N=N—G 6 H 6 + H 2 0 (155) 


An alternative to the proposed dimerization of 49 would be a 
second hydrogen abstraction to give phenylhydroxylamine, a 
compound known 134 to react rapidly with nitrosobenzene to produce 
azoxybenzene (reaction 156). 
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CH.OH 

C 6 H 5 NOH —-—> C 6 H 6 NHOH + GH 2 OH 

+ (156) 

c 6 h 5 nhoh + g 6 h 5 no->■ c 6 h 5 n=nc 6 h 5 + h 2 o 

o_ 

When nitrosobenzene is dissolved in 95% ethanol and irradiated 
in the presence of oxygen for several days, a wide variety of products 
are observed 135 which are quite different from the anaerobic reduc¬ 
tion described above. A reaction which possibly fits into the general 
category under discussion is shown in reaction 157; structure 50 is 
formed in addition to much tar 136 . 



D. Photocycloelimination 

hr 

R 2 C—CHR 2 -> R„C=CR 2 + HNO 

NO 


(157) 


This process was suggested as a means of accounting for the photo- 
decomposition of nitrosoisopropylacetone to mesityl oxide (reaction 
158); the quantum yield for disappearance of the nitroso compound 
is unity 137 . 

hv 


(GH 3 ) 2 C—ch 2 gogh 3 
NO 


-> (GH„)„G=GHGOGH„ 

A >6000 A 


(158) 


E. Halogen Atom Expulsion 

Cl 

I hr 

R—C—CRo -> R—G—GR„ + Cl- 

I I 

NO NO 

In 1938, Mitchell and Cameron reported on the photolysis of 
2-chloro-2-nitrosobutane; the major products were HC1, 51 , 52 , 
and 53 (reaction 159) 13S . The dinitrone 53 has been shown 139 to 
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Cl NOH NOH 

I h„ II II 

CHoCH,—C—CH, -> CH,,CH„C + CH,COCCH 3 

3 2 I 3 X >6000 A 323 

NO ch 3° h 

51 52 


+ HC1 


53 



(159) 


form in a secondary dark reaction between 51 and 52 . Several other 
chloronitroso compounds have been shown to give oximes upon 
irradiation 140 . 

Although the loss of HC1 was originally suggested as the primary 
act for these reactions, 188 initial expulsion of a halogen atom seems 
more likely 141 . Hydrogen abstraction by the resulting radical 54 
would then lead directly to the oxime (reactions 160, 161). The 
formation of 52 remains anomalous and may conceivably be related 
to observations made by Chapman in the nitro series (cf, section 
rrr.H). 

Cl 

CH 3 CH 2 —C—CH 3 — CH 3 CH 2 —G—CH 3 + Cl- (160) 

NO NO 

54 


ch 3 ch 2 —c— ch 3 

NO 


GHjOH 
- > 


ch 3 ch 2 cch 3 + -gh 2 oh 

NOH 


(161) 
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I. INTRODUCTION 

Appreciation of the chemistry of the G-nitroso group has developed 
slowly notwithstanding its extensive literature. Undoubtedly a 
contributing factor has been its absence, except for a few examples, 
in naturally occurring materials. 
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In the past decade there have been several important develop¬ 
ments including the nmr analysis of the structural relationship 
between benzfuroxan and o-dinitrosobenzene, the esr determination 
of nitroso radical-anions, photochemical nitrosations, deoxygenation 
to a nitrene and addition to dienes which have brought nitroso 
chemistry to the forefront. 

Organic synthesis has been substantially helped by the chemistry 
of the C-nitroso function but it would appear that it will be even 
more richly rewarded in the future. Two examples may serve to 
illustrate. In the first, addition of the nitroso group to a C—H bond 
adjacent to an olefinic, azomethine or other unsaturated linkage 
offers a promising method to be developed for introducing a func¬ 
tional group at an sp 2 carbon atom. The second example consists in 
the emerging chemistry of the nitroso group conjugated with one or 
more unsaturated linkages and is demonstrated in conjugate addition 
and valence isomerization reactions of nitroso olefins and in the 
recently discovered ethynyl nitroso compounds. 

A comprehensive presentation 1 of the chemistry of the C-nitroso 
compounds appeared recently. The present work is intended to be 
complementary and to include new information in the rapidly 
growing field. 


II. PREPARATIVE METHODS 
A. Nitric Oxide and Radicals 

In an early recognition of the affinity between nitric oxide and 
organic radicals, it was assumed that the appearance of a blue color 
on mixing triphenylmethyl with nitric oxide in ether in the absence 
of air denoted the presence of triphenylnitrosomethane, ^(equation 1). 
Reversibility of the reaction was suggested by the disappearance of 
the blue color and recovery of starting materials on evaporation of 
the solvent 2 . 

(G 6 H 6 ) 3 G- + NO (C 6 H b ) 3 GNO (1) 

Many reactions which lead to the formation of nitroso compounds 
are best understood on the basis of a combination of nitric oxide with 
an appropriate free radical. It is such a combination, for example, 
which permits nitric oxide to inhibit free radical chain reactions 3 . 
The formation of the lower molecular-weight nitrosoalkanes has 
been observed in gas-phase reactions between nitric oxide and the 
corresponding alkyl group generated in situ by the photolysis of an 
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azoalkane 4 , pyrolysis of a dialkyl mercury compound 5 , photolysis 
of an alkyl halide 6,7 , the addition of a radical such as nitrogen 
dioxide to an olefin 8 (equation 2), and by other means. It is reported 
that y-irradiation of a mixture of carbon tetrachloride and nitric 
oxide leads to the formation of trichloronitrosomethane 9 . 

NO, NO 

CF 2 =CF 2 -0 2 NGF 2 CF 2 - -> 0 2 NCF 2 CF 2 N0 (2) 

Nitric oxide readily combines with the cyclohexyl radical which may 
have been generated by the action of a chlorine atom on cyclo¬ 
hexane 10 (equation 3) and with the reactive diradical form of 
/j-xylylenc 11 (equation 4). 



Nitroso olefins in which the substituent is attached to sp 2 carbon 
are less well-known; nevertheless perfluoronitrosoethylene has been 
obtained from the reaction between trifluoroiodoethylene and nitric 
oxide 12 (equation 5). In contrast trifluoronitrosoethylene has not 
been detected in the reaction mixture obtained from trifluoro- 
chloroethylene and nitric oxide 13 and a reaction presumably 
initiated by nitrogen dioxide gives saturated products instead. 
Nitroso olefins with the substituent attached to sp 3 carbon have 
been prepared in a similar way 14 (equation 6) through irradiation 
of an allylic iodide in the presence of nitric oxide. 

NO 

CF„=CFI ->- CF„=CFNO (5 

2 h? 2 

NO 

CF 2 =CHCH 2 I -> CF 2 =CHCH 2 NO + other products (6) 

hv 

Apparently pure nitric oxide does not react with monoolefins 
under ordinary conditions 18 ; however, a trace of nitrogen dioxide 
which is usually present will initiate a reaction leading to a mixture 
of products in which nitro compounds predominate. From iso¬ 
butylene up to 45% tm(nitro-f-butyl)hydroxylamine has been 
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reported 16 (equation 7). The transformation of olefins into nitriles 

NO, NO 

(CH 3 ) 2 C=CH 2 -> o 2 nc 4 h 8 - -> ong 4 h 8 no 2 

2 0 2 NG 4 H 8 - + 0NG 4 H 8 N0 2 -> (G 4 H 8 NO ) 2 N0G 4 H 8 N0 2 (7) 

by nitric oxide at high temperatures is not completely understood 17 
(equation 8) and the intermediacy of nitroso derivatives has not 
been established. 

NO 

CH 2 =CHCH a 4sqo > CH 2 =CHCN (8) 

argon 

Carbonyl derivatives with the nitroso group attached to the 
carbonyl carbon are unknown; however, CH 3 CONO has been a 
suggested intermediate in the photochemical oxidation of nitric 
oxide to nitrogen dioxide in acetone 18 . The formation of nitroso 
aromatic compounds by the combination of aryl radicals and nitric 
oxide apparently has not been reported. 

Only a few nitrosoacetylenes in which the substituent is attached 
to an sp carbon are known, none of which have been obtained in 
reactions employing nitric oxide. Experiments with bromoacetylene 
and nitric oxide led to the conclusion that the ethynyl radical 
(HC=C-<-* HC=C:) is unreactive toward nitric oxide 19 . Primary 
products formed are carbon monoxide and cyanogen bromide. An 
indication that radicals at sp carbon will react with nitric oxide is 
found in the formation of nitrosyl cyanide on flash photolysis of either 
cyanogen or cyanogen bromide in the presence of nitric oxide 20 
(equation 9) and in the pyrolysis of mercuric cyanide in the presence 
of nitric oxide 21 . 

hv NO 

BrCN --CN -> ONGN (9) 

B. Irradiation of Nitrosyl Halide and Alkanes 

Irradiation of mixtures of saturated aliphatic hydrocarbons and 
nitrosyl halides will also lead to the formation of corresponding 
nitrosoparaffins. A mixture of products may be obtained from a 
hydrocarbon in which hydrogen atoms are not equivalent. The 
dimer of nitrosocyclohexane has been obtained from cyclohexane 
and nitrosyl chloride upon irradiation by ultraviolet light 22 . When 
the reaction, assumed to proceed by the formation and recombination 
of radicals, is carried out in the presence of strong acid, such as 
hydrochloric or sulfuric acid or phosphorous oxychloride, the 
product undergoes isomerization, first to the oxime and then by a 
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Beckman rearrangement into the cyclic amide, caprolactam 23 
(equation 10). There is a report that irradiation of a mixture of 
cyclohexane, benzophenone, concentrated hydrochloric acid and 
nitric oxide in which oxygen is also present leads to the formation of 
an unidentified dinitrosocyclohexane 24 . 7 



Irradiation with 60 Co of cyclohexane solutions containing nitrosyl 
chloride has also brought about the formation of nitrosocyclohexane 
(isolated as the isomeric oxime of cyclohexanone) along with 
cyclohexyl chloride and cyclohexanone 25 . 

C. Pyrolysis and Photolysis of Nitrite Esters 

Pyrolysis or photolysis of a nitrite ester may result in an intra¬ 
molecular rearrangement by a concerted mechanism or may require 
a dissociation followed by a recombination. The formation of 
nitrosomethane and acetone from tert -butyl nitrite by either 
pyrolysis 26 or photolysis 27 is satisfactorily accounted for on the basis 
of initial cleavage into nitric oxide and the trimethylmethoxy radical. 
The latter then further dissociates into acetone and the methyl 
radical which combines with nitric oxide (equation 11). Ethane is 
also produced and its formation supports the intermediacy of methyl 

approximate A// 
(kcal/mols) 

(a) (CH 3 ) 3 GONO->(CII 3 ) 3 CO' + NO 35 

(b) (CH 3 ) 3 CO-> (GH 8 ) g GO + CH 3 - 5 

(c) (CH 3 ) 3 CONO + CH 3 -> (CH 3 ) 3 CO + CH 3 NO -30 

(d) CH 3 - + NO-> CH 3 NO -65 

(e) (CH 3 ) 3 GO- + NO-> (CH 3 ) 3 C0N0 -35 (11) 

radicals. That alkyl radicals may react with nitrites, step (c), is 
demonstrated in the formation of nitrosomethane from either butyl 
or amyl nitrite and acetyl peroxide in which the latter must serve 
as the precursor of the methyl group 28 . One of the many preparations 
for nitrosocyclohexane is based on a similar reaction and demon¬ 
strates the expected tendency for the largest of the three alkyl groups 
which may migrate to become attached to nitrogen 29 (equation 12) 
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The pyrolytic ring-opening of perfluorocyclobutyl nitrite has been 
explained on the basis of initial dissociation into radicals but with the 
recognition that the reaction could proceed with ionic intermediates 
or could require an intramolecular concerted mechanism 80 (equa¬ 
tion 13). In general cycloalkyl nitrites (ring size of 4 to 7 atoms) 
photolyse into co-nitroso aldehydes 81 . A similar rearrangement of a 
suggested intermediate vinyl nitrite has been postulated to account 
for the photolytic isomerization of l-phenyl-2-nitropropene 32 
(equation 14). A photolytic isomerization of certain nitrobutadienes 
and aromatic compounds may require a 1,5-migration of the nitroso 
group 32 (equations 15—16) from oxygen to carbon. 



ONO 


> ONCF 2 CF 2 CF 2 COF 


(13) 


hv 

C 6 H 8 GH=GGH 3 -> ArCH=CCH 3 -> ArCH—COCH 3 -> 

iiro 2 ON—0 NO 

ArCCOCH 3 (14) 

I! 

NOH 



O 


A 1,5-migration of the nitroso group from oxygen to carbon is a 
characteristic feature of the Barton reaction, in which alkyl nitrites 
(with a carbon chain of at least four atoms) may be transformed into 
4-nitroso alcohols 88 ' 34 . Evidently a rearrangement of an intermediate 
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alkoxy radical is required 33-36 (equation 17). It has provided 


H 


ONO 


H 


O 


OH 


-NO 


-C—C„—C- 


NO 


NO OH 

i r 

—C—C 2 —G— (17) 


dramatic synthesis for a number of organic molecules otherwise 
available only with difficulty. Cycloheptyl nitrite undergoes photo- 
lytic isomerization into both 7-nitrosoheptanal and 4-nitroso- 
cycloheptanol 31 but cyclooctyl nitrite gives only the Barton product, 
4-nitrosocyclooctanol 31 . 

A perfluoro acyl nitrite is available from either the corresponding 
acid anhydride or silver salt of the carboxylic acid. Trifluoronitroso- 
methane can be obtained in yields better than fifty percent from the 
pyrolysis or the photolysis of trifluoroacetyl nitrite 36 (equation 18). 
It has also been prepared from silver trifluoroacetate and nitrosyl 
chloride 37 (equation 19). Each reaction has been extended to 
perfluoro homologs 38-39 and to cyclic anhydrides 39 (equation 20). 

(CF 3 C0) 2 0 —-> CF 3 C0 2 N0 - h ”-> CF 3 NO (18) 

or 

A 

NOCJ 

CF 3 C0 2 Ag CF 3 NO (19) 

O 

II 

cf 2 g 

\ N,O a (1) hr 

O ■ > CF 2 CO 2 NO ->- CF 2 C0 2 H (20) 

/ j (2)H 2 0 | 2 2 

gf 2 g gf 2 co 2 no gf 2 no 

o 

With or without irradiation nitrosyl chloride reacted explosively 
with silver trichloroacetate and no product could be identified 40 . 
A successful reaction led to the formation of trichloronitrosomethane 
from the treatment of the sodium salt of trichlorosulfinate with 
nitrosyl chloride in a sealed tube 40 at 0° (equation 21). 

NOCl 

NaO 2 SC01 3 -> G1 3 GS0 2 N0 -> Cl 3 CNO (21) 


D. Oxidative Nitrosation (Baudisch Reaction ) 

According to Baudisch, oxidative nitrosation of aromatic com¬ 
pounds proceeds by the simultaneous introduction of the nitroso and 
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hydroxyl groups into adjacent positions on the nucleus when treated 
with nitrosyl hydride and oxygen. Participation of copper salts 
appears necessary to stabilize the nitrosyl radical and to prevent the 
formation of jbflra-nitrosophenols 41 (equation 22). 

O 


II 



£. Nitrosation of Tertiary Aromatic Amines 

Probably the first known method for nitrosation at carbon con¬ 
sisted in the treatment of certain aromatic tertiary amines with 
nitrous acid 42 . In this way ^-nitroso-AjlV-dimethylaniline is easily 
prepared 43 . A steric hindrance to the reaction may be introduced 
when larger groups are attached either at nitrogen or at the 
position ortho to the amino function 44 . Efforts to achieve dinitrosation 
have not been successful. Nitrosation of N, JV-diphenylmethylamine 
gave only the mononitroso drivative, /j-nitroso-iV-phenyl-A-methyl- 
aniline 45 . Again only one benzene ring was nitrosated in experiments 
with IV,A-diethyl-A, A-diphenyl-2-butene-l,4-diamine 46 (equation 
23). The nitroso group is not invariably introduced into the para- 
position and sometimes an ortho -position is selected 47 (equation 24). 
In certain examples such as />-benzyl-A,A-dimethylanilinc where 

g 2 h 6 g 2 h 6 g 2 h 6 cp 6 

I I HONO I I 

C 6 H 5 NCH 2 CH=CHCH 2 NC 6 H 6 ■ > C 6 H 6 NCH 2 CH=CHCH 2 NC 6 H 4 NO-/> (23) 



the para-position is already occupied, nitrosation presumably occurs 
ortho to the amine function 48 . 

F. Nitrosation of Secondary Aromatic Amines 
I. Fischer-Hepp reaction 

Nitrosation of secondary aromatic amines generally occurs 
initially at nitrogen and is reversible. In hydrochloric or hydrobromic 
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acid the iV-nitroso compound rearranges to the/iara-nitroso isomer. 
The isomerization, known as the Fischer-Hepp reaction, proceeds 
intermolecularly with the intermediate formation of nitrosyl chloride 
followed by nitrosation generally at the />ara-position 49 (equation 25). 
Denitrosation of an aromatic JV-nitrosamine appears to be more 
rapid in hydrochloric acid than it is in sulfuric acid 60 , in agreement 
with low yields for the isomerization step when carried out in sulfuric 
acid 49 . This suggests that nuclear nitrosation occurs directly when 


NO 



certain secondary aromatic amines are appropriately treated in 
concentrated sulfuric acid. The reaction does not occur in nitric 
acid 81 . 

The intermediate formation of nitrosyl chloride in the Fischer- 
Hepp reaction was demonstrated in the formation of the nitrosyl 
chloride adduct of anethole when the latter was present during the 
treatment of iV-nitroso-jV-methylaniline with alcoholic hydrogen 
chloride in ether 49 . 

Nitrosation in the ring may be hindered when the para position is 
occupied by another substituent 49 or by large substituents on the 
amine nitrogen 61 . Poor yields of /;-nitroso N- k- hexyl aniline were 
obtained from the tV-nitroso isomer and the corresponding tV-octyl 
analog was not transformed into its para -nitroso isomer 61 . 

A particularly interesting example of the Fischer-Hepp reac¬ 
tion is found in the isomerization of the N,N'-dim.Xxo§o-N,N'- 
dimethyl derivative of m-phenylenediamine 52 (equation 26). The 
reaction proceeds smoothly to transform secondary iV-nitroso- a- 
naphthyl-amines into the expected 4-nitroso isomers 49 ; but N- 
nitroso-l-bromo-2-methylaminonaphthalene does not undergo the 
Fischer-Hepp reaction. 
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ONNCHg NHCH 3 


A few secondary amines have been nitrosated by nitric acid in the 
presence of hydrochloric acid. The addition of sodium nitrate to 
fuming hydrochloric acid containing JV-ethylanthranilic acid 
transforms the latter into its /(-nitroso derivative 63 (equation 27). 
From its reaction with nitric acid in alcohlolic hydrogen chloride, 
/-acetamidodiphenylamine gives /;-nitroso-//-acctamidodiphcnyl- 
amine 64 . 



NHC 2 H 5 

co 2 h 


HCl 

HNO, 



NHC 2 H s 

co 2 h 


(27) 


2. Base catalyzed migration 

A 1,3-migration of the nitroso group from nitrogen to carbon 
appears to be required for an understanding of the base-catalyzed 
isomerization of certain iV-nitrosohydrazones into corresponding 
oximes 66 (equation 28). 


“OR 

CLH.N—N=GHG b H, -> C S H.N=N—GHCLH- -> C B H,N=N—CC-H* 


NO 


NO 


NOH 

(28) 


A base-catalyzed 1,2-migration of the nitroso group from nitrogen 
to carbon was recently discovered 56 (equation 29). 


base 

R—N—GHpGN --> RNHGGN 

I II 

NO NOH 


(29) 


6. Nitrosation of Primary Aromatic amines 

Under appropriate conditions a variety of primary aromatic 
amines will undergo nuclear nitrosation rather than diazotization. 
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Nitrosyl sulfuric acid in concentrated sulfuric acid transforms oc- 
naphthylamine into its 4-nitroso derivative 87 and nitrous acid nitro- 
sates a pyrimidine ring carbon in the presence of both a primary and 
secondary amine function 88 (equation 30). In a similar reaction 
nitrosation occurs at the 3-position in 2-hydroxy-4-aminopyridine 69 . 


o 



H. Nitrosation of Phenols 

Phenols are readily nitrosated at o- and /^-positions; thymol and 
/3-naphthoI undergo mononitrosation 60 . Both 2,6-dibromophenol and 
2,6-dibromophenol-4-D react with sodium nitrite in aqueous alcohol 
by general base catalysis 61 (equation 31) with nitrosodeprotonation 
occurring faster than nitrosodedeuteration (kH/kD = 3.6). With 
nitrous acid, resorcinol is dinitrosated to 2,4-dinitrosoresorcinol and 
phlorogucinol to trinitrosophloroglucinol 62 . 


H NO 



I. Nitrosation of Aromatic Ethers 

Nitrosation of aromatic ethers is virtually unknown. In mineral 
acid containing an alkyl nitrite, resorcinol diethyl ether is partially 
transformed into a nitroso derivative of the diether 68 (equation 32). 
With the assumption that the unassigned nitroso group is at the 4- 
position in nitrosodiethylresorcinol (2), the observed products are 
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satisfactorily accounted for by the expected intermediates (equation 

33). 



H NO H NO 


J. Nitrosative Decarboxylation 

Nitrosation by displacement of substituents is rarely found. An 
interesting example has come to be known as nitrosodecarboxyla- 
tion 64 . On adding sodium nitrite to an aqueous alcoholic solution of 
3,5-dibromo-4-hydroxybenzoic acid there is an immediate evolution 
of carbon dioxide. From the reaction, 3,5-dibromo-4-hydroxynitroso- 
benzene is isolated quantitatively 64 (equation 34). 



OH OH 


The kinetics of the reaction and comparison with bromode- 
carboxylation and bromodesulfonation are in agreement with the 
following mechanism 61 (equation 35). It is significant to note that 



+ CO2 


(35) 
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/>-hydroxybenzoic acid nitrosodecarboxylates at least 300 times more 
rapidly than does /-methoxybenzoic acid 61 . Salicylic acid and its 
3-, 4- and 5-methyl derivatives undergo this reaction but 3- and 
5-nitro and 3,5-dinitrosalicyclic acid do not 64 . 

Following the observation that an attached methyl group de¬ 
creased, whereas an attached carboxyl group increased, the reactivity 
of a tertiary carbon in a cyclohexane ring toward nitrosation by 
nitrosyl sulfuric acid in concentrated sulfuric acid 66 (equations 
36, 37) it was found that cycloalkyl (ring size 5 through 7) carboxylic 
acids and the a-branched carboxylic acids generally decarboxylated 
on similar treatment 66 . The assumption that a-nitrosocarboxylic 
acids are intermediates 67 has been challenged and it is claimed that 
a-nitrosocyclohexanecarboxylic acid is not an intermediate in the 
nitrosative decarboxylation of cyclohexanecarboxylic acid with the 
formation of caprolactam 68 . 



-► 

NOHSO, 

H,SO, 



(36) 


i / 'Nco 2 h h „ F^t=noh 

NOHSO,*" ( 37 ) 

H.SO, 

The carboxyl group may be replaced by other carbonyl groups, 
e.g. cyclododecanone oxime is obtained from formylcyclododecane 69 
and cyclohexanone oxime is obtained from benzoylcyclohexane 70 . 
These latter reactions are reminiscent of the base catalyzed nitrosa¬ 
tion and cleavage of certain cyclic ketones 71 (equation 38). Another 


CgH 5 ONQ CH 3 CON'^Y" g=NOH ( 38 ) 

NaOC 2 H 5 y CH 2 CH 2 C0 2 C 2 H 5 


related reaction occurs when nitrosyl chloride transforms oc-branched 
peroxycarboxylic acids into nitroso compounds 72 (equation 39). 

NOG! , 

R 2 CHC0 3 H -5- R 2 CHNO + C0 2 + 0 2 (39) 

Kinetic data for the reaction of aromatic ketones with nitrous acid 
in sulfuric acid is satisfied by a mechanism which involves the rate¬ 
determining step of deprotonation from the protonated ketone, 
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followed by a rapid nitrosation and solvolysis 73 (equation 40) (cf, 
equation 62). This may be followed by tautomerization to an oxime 
and a Beckmann rearrangement. When the reaction is carried out 
with /)-tolylcyclohcxy] ketone and nitrosyl chloride in polyphos- 
phoric acid, caprolactam and jb-methylbenzoic acid are formed 
along with />tolyl-a-nitrosocyclohexyl ketone 74 . 



-H* 


K. Nitrosation of Olefins 

I. Nitrous acid, nitrites, nitrogen oxides and nitrosamines 

Other olefins may undergo nitrosation by a related mechanism cf. 
equation 40. In trichloroacetic acid, certain ring-substituted deriva¬ 
tives of propenylbenzene treated with zro-butylnitrite are transformed 
into (3-nitrosotrichloroacetates 75 (equation 41). In contrast, the treat¬ 
ment of propenylbenzene with nitrous acid led to the formation of 
the corresponding nitrosite, l-phenyl-l-nitroso-2-nitropropane 76 
(equation 42) and similar results have been obtained with nitrogen 
trioxide 77 . A /3-nitroso nitrate has been prepared from cyclohexene 
in concentrated nitric acid and nitrogen dioxide (equation 43) and a 
similar reaction has been reported for the initial product from iso¬ 
butylene and dinitrogen tetroxide (equation 44) in the absence of 
weakly basic solvents such as ethers and esters which promote the 

OCOCC1, 

^ ^ I 


j^^jCH=GHCH 3 

isoBuONO rx-^CHCHlNOlCHs 

(41) 

cijCCOjH 

OR 

1 

OR 


HNOo 

g 6 h 5 gh=ghgh 3 - V G 6 H 5 GHGH(N0 2 )GH 3 

(42) 


NO 


0 

70%hno, r"'^' '"|NO_ i 

NO, > l^JoNOo 

(43) 


0°, 1 hour 
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formation of nitro compound by a free radical process 78 . A markedly 
different reaction transformed propylene into 2-nitro-3-methyl- 
furoxan when treated with dinitrogen tetroxide 79 (equation 45). 


(CH 3 ) 2 C=CH 2 


n 2 o 4 


petroleum 
ether, —10° 


ONO, 


y (CH 3 ) 2 CCH 2 NO 


(44) 


NjO. 

CH.CH=CH 9 - —- y 

J 2 ether 

-60 to -20“ 


CH3C-CNO0 

J * 

N. N->0 
O 


(45) 


Nitrosites (/3-nitronitroso compounds, cf., equation 42) are 
generally produced from olefins treated with dinitrogen trioxide 
(N 2 0 3 NO + N0 2 ) 80 . The reaction probably proceeds by a free 
radical mechanism initiated by an attack on an olcfinic carbon by 
nitrogen dioxide, (cf. equation 2). Terpene nitrosites are often solid 
derivatives helpful in characterization. 

Photochemically produced adducts of nitrosamines and olefins 
have been reported. The adduct from iV-nitrosopiperidine and 
cyclohexene has been isolated in its tautomeric oxime form 81 
(equation 46). 



hr [^AN(CH 2 ) 5 

arirt l^>=NOH 


(46) 


2. Nitrosyl halides and nitrosyl sulfuric acid 

Voluminous literature on the reaction of nitrosyl halides with a 
great variety of hydrocarbon and fluorocarbon olefins has recently 
appeared. The expected adduct (equation 47) is not only often 
formed along with other products but also it may occur as an inter¬ 
mediate required for the formation of a product isolated 82 . Mono- 

NOCl 

R 2 C=CH 2 ■-> R 2 CCH 2 NO (47) 

Cl 

and diolefins (conjugated and unconjugated), ketene acetals, unsatu¬ 
rated alcohols, vinyl ethers, carbonyl compounds, nitroolefins and 
other hydrocarbon olefin derivatives will react with nitrosyl chloride 
generally under mild conditions. In certain instances, the nitroso 
halide may be produced in situ from an alkyl nitrite and hydrochloric 
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or hydrobromic acid. Terpene nitrosochlorides have often been made 
for characterization purposes. 

Fluorocarbon olefins also give adducts with nitrosyl halides 83 
(equations 48, 49, 50). 


CF 2 =C(CF 3 ) 2 

NOF 

(CF 3 ) 3 CNO 

(48) 

KF > 

cf 3 cf=cfocfi 3 

NOG1 

V 

CF 3 CFCF(Cl)OCH 3 

(49) 

r 



NO 


cf 2 =ccof 

NOF 
■- > 

(CF 3 ) 2 C(NO)COF 

(50) 


GF 3 

Both cis- and fm«j-nitrosohalide adducts of olefins may be formed 84 . 
Solvent effects on the stereochemical course of the reaction has been 
demonstrated in the formation of the m-adduct of cyclohexene in 
either chloroform, methylene chloride or trichloroethylene and the 
Jraor-adduct in liquid sulfur dioxide 85 . A dependence on olefin 
structure has been observed in the formation of m-adducts from 
nitrosyl chloride or bromide and norbornene in chloroform, and 
both a«f<-7-methoxynorbornene and norbornadiene in alcoholic 
acetic acid also containing hydrochloric acid 84 . Each reaction 
occurred with no molecular rearrangement. Both a four-centered 
cyclic transition state leading exclusively to a w-adduct and a three- 
membered nitrosonium intermediate which might give rise to either 
(or both) cis- and /ra/o-adducts have been considered 84 . An inter¬ 
conversion of initially formed ds-adducts between nitrosyl chloride 
and several olefins and the more stable frarcr-adduct 86 suggests that 
the addition reaction is reversible. 

In a kinetic study of the addition of nitrosyl chloride to thirty 
different olefins in chloroform it was found that the reaction rate 
was influenced by both electronic and steric effects. Low activation 
enthalpies of 8.1 and 9.3 kcal/mole and activation entropies of 
—43.0 and —36.9 cal/mole~ J deg -1 were obtained for styrene and 
cyclohexene respectively. Rates for the addition to styrene and to 
cyclohexene increased in the solvent sequence: CH 3 OH< C 2 H 6 OH< 
CCU, C 8 H 8 CH 3 < k-C 7 H 18 < C 8 H b C1 < C 6 H 4 C1 2 < c 6 h 5 cn < 
CH 2 G1 2 < G 6 H 6 N0 2 < CHC1 3 and addition of Lewis acids did 
not accelerate the reaction 87 . While the evidence seems to be 
accommodated by a cyclic onium intermediate 84 (equation 51) 
(efi equation 40) a free-radical mechanism has not been eliminated 88 ; 
however, it would have to be initiated by a chlorine atom since it is 
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well established that such a reaction could not be initiated by nitric 
oxide (see section II.A). 

o o o 

IIII II 

N* N N 

>C=C<( —*->• >d—h< <- > >C--<:<( < >• >C—C<( -> products 

(51) 

An unsaturated nitroso derivative of a bisulfate ester is formed on 
treatment of 2,3-dimethylbutadiene with nitrosyl sulfuric acid. 
Apparently the reaction is one of conjugate addition since the ester 
readily cyclizes with the elimination of sulfuric acid and the forma¬ 
tion of an oxazine 89 (equation 52). It seems probable that the loss of 
sulfuric acid occurs prior to ring-closure which then may occur by 
valence isomerization of a presumed nitrosobutadiene intermediate. 



-NO -h,so 4 
•oso 3 h 


> 



> 



3. Dehydrohalogenation of olefin nitrosohalides 

In the presence of base and nitrosyl chloride adducts to olefins 
undergo dehydrochlorination to form <x,/3-unsaturated nitroso com¬ 
pounds. Styrene nitrosochloride with triethylamine in ether loses 
hydrogen chloride to form nitrosostyrene 90 (equation 53). In similar 
reactions nitrosoolefins have been formed from thujene nitroso¬ 
chloride 91 and methyl oleate nitrosochloride 92 . 

C„H R CHCH,NO -—*—>■ C 6 H B CH=CHNO (53) 

b 5 | 2 ether 8 “ 

Cl 

Dehydrobromination of the oxime of 3-bromo-3-methylbutanone- 
2 by alkali giving a polymer of 2-nitroso-3-methylbutene-2 has been 
claimed 93 (equation 54) but probably should be confirmed not only 
to clarify the structure of the polymer but also to elucidate the 
elimination mechanism insofar as initial isomerization to a nitroso 
compound is improbable. The reaction appears to give an example 
of the reversal of the conjugate addition to an a,/3-unsaturated 
nitroso compound (cf. III.B). 

NOH NO 

II KOH I 

(CH 3 ) 2 C—G—GH 3 -> (CH 3 ) 2 C=CCH 3 ->■ polymer (54) 

Br 
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L. Nitrosation of Phenols and Heterocydes with Nitrite Esters and 
Alkoxides 

Certain phenols, e.g. resorcinol 94 , and aromatic heterocycles may 
be nitrosated by an alkyl nitrite in the presence of a metal alkoxide. 
From 2,5-dimethylpyrrole, treated in this manner a sodium salt may 
be obtained from which 3-nitroso-2,5-dimethylpyrrole may be 
liberated on mild treatment with acid 95 (equation 55). In a similar 
manner 3-nitrosoindoles are obtained from the corresponding 

O CgHnONQ NaON=j -n h,so 4 ONjj - ij 

CHg “uftONa H 3 ck N JcH 3 " ether > HjCLjjJcHj (55) 

T I 

H H 

heterocycle and amyl nitrite 96 . Apparently these are nitrosations of 
heterocycle anions (equation 56). When the heterocyclic nitrogen 



H 


H 


J. 


-NO NaOR 


N^ 


R 




=NONa H/O 


I 

H 


NO 

R 


(56) 


carries a substituent in place of the acidic hydrogen, nitrosation may 
be achieved with nitrous acid 97,98 (equations 57, 58). 


COCH, 

rrV 3 

k^N-» 




(57) 


(58) 


Imidazoles with a free 4- (or 5-) position and a ring nitrogen with 
an attached proton may be nitrosated by amyl nitrite and sodium 
ethoxide in a similar manner 99 . 
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Both acid and base catalysis have promoted nitrosation at an 
aliphatic carbon atom with attached active hydrogen atom 100 
(equations 59-63). 



HONO 

GH 3 GH 2 N0 2 -> GH 3 G(=N0H)N0 2 (60) 



C 2 H fl ONO 

- > 

NaOC.,H 5 



: NOH 


(61) 


C.HgONO 

ArCOCH„Cl ——->- ArCOCCl 62) 

* HC1 || 

NOH 

R'ONO 

RCH(C0 2 H) 2 ■ HC y RCC0 2 H (63) 

NOH 

Presumably the reaction, whether acid or base catalyzed, pro¬ 
ceeds by electrophilic attack on an a-carbon atom in agreement with 
other condensation reactions of active methyl, methylene and 
methynyl groups. 


M. Organometallic Compounds and Nitrosyl Chloride 

Alkylnitrosohydroxylamines 101 are often products from reactions 
between alkyl metals and nitrosyl chloride (equation 64). Nitroso- 
hydroxylamines may lose nitrosylhydride with the formation of the 
corresponding nitroso compound 101 . Nitrosobenzene has been 


O MeCl NOCl 


^^jN(NO)OH -NOH ^ 



(64) 


prepared by passing nitrosyl chloride into a solution of phenyl- 
magnesium bromide 104 and pentamethylnitrosobenzene from the 
corresponding aryl mercuriacetate and ethyl nitrite in hydrochloric 
acid 103 . 

Recently a nitrosocarborane has resulted from the treatment of 
1-carboranyllithium with nitrosyl chloride 104 (equation 65) and 
nitrosoalkane dimers result from the similar treatment of an alumi¬ 
num trialkyl with nitrosyl chloride 106 . Tricyclohexylboron and 
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nitrosyl sulfuric acid reacted with the apparent initial formation 
of nitrosocyclohexane; however, products isolated represented further 
changes 106 . 



BioFfo 


"' I!uI -» HQ—CLi -°f!> HC—CNO 


\°/ 


SiftHw 


\°/ 


(65) 


The long unknown 1-nitrosoacetylenes were first produced in a 
reaction in which nitrosyl chloride attacked an organo-mercury 
bond 107 (equation 66). 

NOGl 

(CH 3 (CH 2 ) 3 C=C) 2 Hg -> CH 3 (CH 2 ) 3 C=CNO (66) 


N. Geminal Nitrosohalides from Oximes 

Oximes are transformed into gm-halonitroso derivatives on 
treatment with hypohalous acid. Development of the blue color 
of the product is the basis for Piloty’s qualitative determination of 
the presence of an oxime 108 . With only occasional bursts of interest, 
Piloty’s reaction lay dormant until gww-chloronitroso derivatives of 
hydrocarbons attracted attention as products in the reaction between 
irradiated nitrosyl chloride and hydrocarbons or irradiated mixtures 
of chlorine, nitric oxide and hydrocarbons 100 . The principal product 
is an oxime as is demonstrated in this important method for the 
synthesis of cyclohexanine oxime, an intermediate in a preparation 
of caprolactam. 

Oxidation of the product to the corresponding halonitro derivative 
by halogens in an alkaline medium may be eliminated by treating 
the oxime with chlorine in ether 110 or by treatment with chloro- 
amides, e.g. iV-chloroacetamide, TV-chlorocaprolactam, JV-chlorourea 
and A^fV-dichlorosulfonamides 111 . JV-Bromosuccinimide in aqueous 
sodium carbonate has also been used 112 . A lesser known reaction 
discovered by Rheinboldt 113 occurs between nitrosyl chloride and an 
oxime (equation 67) and is especially interesting in its application 
to aldoximes. 

NOCl 

R 2 C=NOH->■ R 2 C (NO) Cl (67) 

—HCl 

Explanations for the transformation of ketoximes into gem- 
halonitrosoalkanes on treatment with halogen have been based 
upon conceivable tautomers for an oxime. Halogenation of a 
tautomeric monofunctional primary or secondary nitrosoalkane 
appears to be unlikely since their prototropic rearrangement in the 
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gas phase, melt or in solution into oximes is not detectably revers¬ 
ible 114 (equation 68). In addition, it is reported that nitrosoparaffins 
are not halogenated under the conditions which transform oximes 
into gOTZ-halonitrosoalkanes 115 . Addition of chlorine to the oxime 

R 2 CHNO-> R 2 C=NOH (68) 

double bond followed by an elimination of hydrogen chloride 
(equation 69) has been accepted as more probable 110 but has been 
challenged 116 on the basis of an apparent requirement for hydrogen 
to be attached to at least one a-carbon in the oxime. Of twelve 

Cl Cl 

Cl, I I —HCl 

R 2 C=NOH •—2->- RjC-N-OH ->• R 2 C(Cl)NO (69) 

monoximes which lacked hydrogen at an a-carbon, only Michler’s 
ketone oxime reacted, as predicted, in the presence of acid, with 
chlorine with the formatoin of a nitroso compound. Although the 
proposed requirement for hydrogen attached to at least one a-carbon 
was fulfilled in 75 examples of oximes which were transformed by 
chlorine into nitroso derivatives, it is difficult to understand why o- 
and m-nitroacetophenone oximes each failed to react whereas 
acetophenone and /i-nitroacetophenone oximes did. Other reactions 
between chlorine and oximes which also contain additional reactive 
functional groups may occur. Benzoin oxime, for example, was not 
transformed into a nitroso derivative and was apparently oxidized 
to benzil monoxime. Nitroso compounds were not obtained from 
a-dioximes but these are known to be transformed into furoxans 
under the conditions employed 116 . 

To account for the possibility of participation by hydrogen at an 
a-carbon, Kosinski 116 has proposed a mechanism which invokes 
Raikova’s tautomerization of an oxime 117 (equation 70). Following 
chlorination at nitrogen in a vinyl hydroxylamine, this mechanism 

RCH„CR ~ RCH=CR 1 ± RCH,,OR 1 (70) 

II I II 

NOH NHOH HON 


requires elimination of, followed by recombination with, hydrogen 
chloride 116 (equation 71); however, the final step in equation 71 


RGH==GR 1 


Cl, 


-> RCH=CR 1 


—HCl 

NHOH NCI 


Cl 

-> RCH=CR 1 -> RGHoGR 1 (71) 

I I 

HG1NO NO 


OH 
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must be questioned insofar as conjugate addition of hydrogen 
chloride to an a, /i-unsaturated nitrosoalkene would be expected 
(equation 72), cf. III.V. 

hci 

RCH—GNO -> RCH—C=NOH (72) 

R 1 il R 1 


After the report that hexafluoroacetoxime reacts with chlorine 
at —78° and is transformed into the corresponding gm-nitroso- 
chloride 118 (equation 73), the proposed requirement for participation 
by hydrogen attached to an a-carbon must be reevaluated. Benzo- 
phenone oxime in the presence of chlorine underwent a Beckmann 
rearrangement into benzanilide 115 . 

(CF 3 ) 2 C=NOH (GF 3 ) 2 C(NO)Cl (73) 

— 7o 


An example of an aliphatic ketoxime which does not contain 
hydrogen on an a-carbon is found in fenchone oxime, which is 
unreactive toward chlorine bubbling through alkaline or neutral 
solutions of the oxime 115 (equation 74). In contrast norcamphor 



Cl. 


No reaction 


(74) 


oxime is transformed into the g«m-halonitrosoderivative 119 (equation 
75). 



The reaction between nitrosyl chloride and oximes may also give 
£m-nitrosochlorides. Addition of nitrosyl chloride to the oxime 
linkage followed by elimination of nitrosyl hydride has been sug¬ 
gested 120 (equation 76). In support of the final step it is known that 
TV-nitrosohydroxylamines reversibly dissociate into C-nitroso deriva- 

C1 Cl 

„ NOCl I , —NOH I 

RGHoCR 1 -> RCH.CR 1 - >■ RCH 2 —G—R 1 (76) 

II l I 

NOH NOH NO 

NO 

tives and nitrosyl hydride 101,121 . Oximes which are ordinarily 
unreactive to nitrosyl chloride include the oximes of benzophenone, 
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fluorenone, phenanthrenequinone and other ketones some of which 
contain hydrogen at an a-carbon 113 . 

O. Esters of Geminal Nitrosoalcohols from Oximes 

Two methods for oxidation at the a-carbon of nitroso compounds 
are reminiscent of the reactions leading to the formation of gem- 
nitrosohaloalkanes discussed in the last section. 

The intermediacy of a gem -nitrosolluoro derivative was assumed 
in the formation of dimethyl fluoronitromalonate from the reaction 
between potassium dimethyl oximinomalonate and perchloryl 
fluoride in dimethylformamide 122 (equation 77) and in the same 
reaction mixture the formation of a perchlorate ester of a gem- 
hydroxynitroso derivative is considered in an explanation for the 
formation of another product, a ketomalonic ester. 

FCIO, 

(GH 3 0 2 C) 2 G=N0~-- > (CH 3 0 2 C) 2 C=N0C10 3 -> 

NO 

(ch 3 o 2 c) 2 cocio 2 -> (ch 3 o 2 c) 2 co + NOg + cr 

(CH 3 0 2 C) 2 C=N0C10 3 (CH 3 0 2 G) 2 C(N0)X 

(CH 3 0 2 C) 2 C(N0 2 )X (77) 

In the other oxidation, ym-nitrosoacetates are produced from 
ketoximes and lead tetraacetate 123 (equation 78) and oxime O- 
methyl ethers are reported as by-products 125 . Nitrosobenzoates are 
similarly prepared with lead tetrabenzoate 124 . The suggestion 123 ' 125 
that the reaction proceeds with the intermediate formation of free 
radicals has been confirmed by an esr study of comparatively stable 
iminoxy radicals obtained from ketoximes by oxidation with lead 
tetraacetate. It was concluded that the unpaired spin density 
resided on oxygen and nitrogen and that the structure was best 

described as a resonance hydrid 126 : R 2 C=N—O <-> R 2 C=N- O:. 
This result is consistent with initial acetoxylation at nitrogen from 
which either a ym-nitrosoacetate or an oxime O-methyl ether could 
be formed (equations 78 and 79). Further interaction between the 
ym-nitrosoacetate and acetoxy radicals may occur 126 . 

For a discussion of a-hydroxynitroso compounds in the Nef 
reaction see II.W and Chapter 7. 

P. Oxidation of Dioximes 

Oxidation of dioximes of a-diketones may lead to the formation of 
furoxans 116 . Benzil dioxime when treated with alkaline ferricyanide, 
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-> R 2 CNO 

2 | 


OCOCH 3 


R 2 C=N—6: 
l> 

o^>ch 3 


> R 2 C=NOCH 3 + co 2 


(78) 


(79) 


chlorine in ethanol or benzene, alkaline hypochlorite, or dinitrogen 
trioxide is transformed into diphenylfuroxan (equation 80). The 

l [O] 


(C 6 H 6 C=NOH ) 2 


-> CCJ-I, 

6 6 |l II 6 - 5 
N N+ 

I II 

—O O 


-> C B H G C=CC K H a 


NO NO 


C 6 H 5 C-CC 6 H 5 -*» C e H C-CC 6 H 5 (80) 

+N N + JjM—>0 

J, i- 


intermediacy of 1,2-diphenyl- 1,2-dinitrosoethylene is assumed; 
however, it appears likely that the zwitterionic form of the inter¬ 
mediate is the important species leading to ring-closure. Both 
furoxans are generally obtained from glyoximes in which the two 
substituents at carbon are different. The dioximes of both 0 - and 
benzoquinonc undergo similar oxidations 116 (equation 81). An 



o_ 

2 structures 
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interesting analogy for the latter reaction is found in the oxidation of 
an oxime hydrazone derivative of /j-benzoquinone 127 (equation 82). 

NOH 

0 

NNHGOG 6 H 5 



Q. Oxidation of Hydroxylamines 

Oxidation of hydroxylamines is a preferred method for the prepara¬ 
tion of corresponding nitroso derivatives but limited in application 
by the accessibility of the starting materials which generally are 
reduction products from nitro compounds or oxidation products from 
primary amines. In such a two-step process nitrobenzene is reduced 
by zinc and ammonium chloride to phenylhydroxylamine which is 
oxidized by sodium dichromate in sulfuric acid to nitrosobenzene 
in overall yield of nearly 55 % 128 . Other reagents which have been 
used to oxidize hydroxylamines include mercuric oxide 129 , potassium 
ferricyanide 130 , periodates in alkaline medium 131 , periodic acid 132 , 
chlorine 133 , air 134 and chromium trioxide 135 ■ 136 (equations 83-86): 



HC(=NOH)NHOH - -> HC(=NOK)NO (85) 

alkali 

HF 

(F 3 C) 2 G=NOH > (F 3 G) 2 G(F)NO (86) 

Cr0 3 

Although iV-nitrosohydroxylamincs tend to dissociate into nitroso 
derivatives and nitrosyl hydride 101 , the presence of sodium hypo¬ 
chlorite is advantageous 137 (equation 87). 

Hydroxylamines have a tendency to disproportionate into the 
corresponding nitroso compound and amine. After three weeks in a 
closed vessel, pure mesitylhydroxylamine had changed into 2,4,6- 
trimethylnitrosobenzene and mesidine, along with 2,4,6-trimethyl- 
nitrobenzene and azomesitylene 138 . 
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NO 

NOH NONa 



NO 


NO 



NO 


(87) 


R. Oxidation of Primary Amines 

Oxidation of primary amines to hydroxylamines requires a 
reagent which attaches oxygen to nitrogen. Reagents which have been 
successful include Caro’s acid (monoperoxysulfuric acid), peroxy- 
acetic and certain other organic peroxy acids or peroxy anhydrides, 
hydrogen peroxide in acetic acid, permanganate (often with form¬ 
aldehyde) and hypochlorous acid. Generally the subsequent oxida¬ 
tion occurs readily thereby providing an important route for the 
preparation of nitroso compounds. The elimination or suppression 
of further oxidation, e.g. oxidation at nitrogen to the corresponding 
nitro compound or oxidation at cabon, is often a limiting factor to 
consider. 

Nitrosobenzene is one of at least seven oxidation products obtained 
when aniline is treated with hypochlorous acid 139 . On the other 
hand, the oxidation of o-nitroaniline by a hypochlorite solution is 
a preferred method for the preparation of benzfuroxan 116 (equation 
88). An improved yield of nitrosobenzene is reported for the oxida- 



4 

o 


tion of aniline by permanganate with formaldehyde insulfuric acid 140 , 
a method which transforms cyclohexylamine into nitrosocyclohexane 
in yields over 80 % 141 . The latter oxidation is also effected by hydro¬ 
gen peroxide in the presence of sodium tungstate 112 . 

Bamberger found Caro’s acid to be a general reagent for oxidizing 
aliphatic primary amines in which the amino group is attached to a 
tertiary carbon atom and for primary aromatic amines 113 ' 111 . 
Quantitative amounts of nitroso compounds were obtained from the 
isomeric nitroanilines 115 . Apparently, the oxidation is facilitated 
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by electron releasing groups; />-phenylenediamine is transformed into 
jf)-nitroaniline, but />-nitrosoaniline may also be isolated when the 
reaction is carried out in ether 1 ' 16 (equation 88a). Acylation of one 

/,-C 6 H 4 (NH 2 ) 2 />-H 2 NC ( .H 4 NO + /)-H 2 NC 6 H 4 N0 2 (88a) 

amino group controls the oxidation which proceeds to the formation 
of a nitroso derivative without substantial further oxidation 147 . 

After three minutes Caro’s acid in ether can oxidize tert-huty\- 
amine to 2-methyl-2-nitrosopropane 144 . Better yields are obtained 
in the similar oxidation of 4-amino-4-methylpentanone-2 144 (equa¬ 
tion 89). The intermediate formation of nitroso compounds in the 
oxidation of tertiary alkyl primary amines to corresponding nitro- 
paraffins is demonstrated by the formation of a characteristic blue 
color which persists if oxidation is incomplete 148 . 

h,so 6 

H 2 NG(CH 8 ) 2 CH 2 GOCH 3 ——> ONC(GH 8 ) 2 GH 2 COGH 3 (89) 

Good yields have been reported for the oxidation of primary 
aromatic amines to corresponding nitroso derivatives by a peroxy- 
disulfate in concentrated sulfuric acid 149 (equation 90) but perpho- , 


COCII. 



h.so 4 


COCHo 


'NO 


(90) 


sphoric acids failed to transform certain primary aromatic amines 
into nitroso compounds 150 . 

Nitrosobenzene along with phenol, diphenylamine, ammonia 
and nitrobenzene was a detected product following x-ray irradiation 
of an aqueous solution of aniline 161 . 


S. Oxidation of Secondary Amines 

There are a few reports of the formation of nitroso compounds 
from the oxidation of secondary amines. By Caro’s acid, iV-benzyl- 
aniline is transformed into nitrosobenzene, nitrobenzene, azoxy- 
benzene and benzoic acid 149 . Nitrosobenzene is one of at least eight 
products obtained from iV-methylaniline on treatment with Caro’s 
acid 162 . Cold dilute permanganate solutions transform 2-phenyl-3- 
hydroxyindole into o-nitrosobenzoic acid 163 (equation 91). 



H 
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f. Oxidation of Tertiary Amines 

0 -Nitrosocinnamic acid is a proposed intermediate in the oxidation 
of quinoline by hydrogen peroxide in acetic acid to 0 -nitrocinnamic 
acid 154 (equation 92). It is reported that oxidation of 3 -methyl- 




ch=chco 2 h 

NO, 


(92) 


anthranil occurs with opening of the isoxazole ring and the formation 
of 0 -nitrosoacetophenone 165 (equation 93). 


CH, 

I 3 

a C \ K 2 Cr 2 0 7 ry~\'|COCH» 

/ Png 

40-50“ 


(93) 


U. Oxidation of Nitrones and Schiff Bases 

Ozonization of nitrones has produced nitroso compounds 156 
(equation 94). Similar treatment of Schiff bases did not give ni¬ 
troso products 166 ; however the presence of a blue color during the 
ozonization of the Schiff base derived from fe?t-butyl amine and 
isobutyraldehyde has been offered as evidence for the formation of 
2-nitroso-2-methylpropane 167 (equation 95). It was carefully estab¬ 
lished that the oxidant was ozone rather than oxygen somewhat 
in contrast with the catalytic oxidation of certain perfluoro Schiff 
bases 158 (equation 96) in which trifluoronitrosomethane was a 
considered intermediate. 

o 

T o 3 

C 6 H 6 CH=NR ——> C 6 H 6 CHO + RNO 

R=c 6 h 5 ,;-c 4 H9 (94) 

(CH 3 ) 3 CN=CHCH(CH,) 2 ° 3 > 

o 

/ \ 

(GH 3 ) 3 GN-CHCH(CH 3 ) 2 + (CH 3 ) 3 CNO (95) 

RbF 

CF 3 N=GF„ + G„ -> 2 GOF„ + NOF 

6 i 2 400 „ 2 

GF a N=GF 2 + NOF -> (CF 3 ) 2 N—NO 


(96) 
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V. Reduction and Deoxygenation of Nitro Compounds 

Reduction of a nitro compound leads first to the formation of a 
nitroso compound. In an acid medium the latter is rapidly reduced 
to an amine with the corresponding hydroxylamine as an intermedi¬ 
ate. Reduction in an alkaline medium gives rise to an azoxy compound 
resulting from a condensation between the nitroso compound and 
the corresponding hydroxylamine. Best yields of nitroso compounds 
are generally obtained from reductions in neutral media. The 
exceptional reduction of primary and secondary nitroparaffins by 
stannous chloride does not proceed beyond the initial stage pre¬ 
sumably because rapid isomerization to an oxime takes place. 

An electrolytic reduction of nitrobenzene with a neutral electrolyte 
gave a good yield of nitrosobenzene 159 . Poor yields have been reported 
for deoxygenation with barium oxide 160 and reduction with hydroxyl¬ 
amine in methanol 161 or metallic salts such as mercuric chloride, 
zinc chloride 162 or sodium bisulfite 163 . In the latter example nitroso 
compounds are intermediates in the reductive sulfonation of aromatic 
nitro compounds to aminosulfonic acids (Piria reaction). With arf 
intramolecular condensation the reduction of 3-nitro-4-dimethyl- 
aminotoluene was stopped at the nitroso stage with the formation 
of 1,5-dimethylbenzimidazole 163 (equation 97). 



NaHSOj 


H,C 


iNO 

Wch 3 ) 2 





(97) 


A catalytic reduction over tin of nitrobenzene to nitrosobenzene 
has been reported 164 . Over the same catalyst, nitrocyclohexane is 
transformed into cyclohexanone oxime. 

m-Trifluoromethylnitrobenzene is reduced to the corresponding 
nitroso compound by ethyl mercaptan 165 . Aromatic o- and p- 
nitronitroso derivatives are produced by treating the corresponding 
dinitro compounds with either hydroxylamine or stannous oxide in 
methyl alcoholic alkali 166 . The behavior of a-nitronaphthalene 
towards alcoholic alkali is especially interesting. First one and 
eventually two methoxy groups become attached to the G4 position 167 
(equation 98). Presumably a related process is required in the forma¬ 
tion of /j-nitrosodiphenylamine from aniline and nitrobenzene in 
alkali 168 (equation 99). A deoxygenation mechanism probably best 
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NOK 



CH s O OCH 3 


alkali 

C 6 H b NH 2 + C 8 H 6 N0 2 j&-C e H 6 NHC 6 H 4 NO 


(98) 

(99) 


accounts for the formation of nitrosobenzene from nitrobenzene 
treated with iron powder in the presence of carbon dioxide at 220° 169 . 
Similar deoxygenations have been carried out in dry organic solvents 
with sodium, potassium, calcium, barium, magnesium, zinc and 
aluminum amalgam 170 . Deoxygenation of aromatic nitro derivatives 
by free radicals also leads to the formation of corresponding nitroso 
compounds 171 . Dimeric nitrosobenzene iron tricarbonyl is produced 
on irradiation of iron pentacarbonyl in nitrobenzene 172 (equation 
100 ). 

Fe(CO) 6 + C 6 H 5 N0 2 [C 6 H 5 NOFe(CO) 3 ] 2 (100) 


Ring-closure of an intermediate o-nitrosoazobenzene presumably 
accounts for the absence of further reduction of o-nitroazobenzene 
by sodium sulfide 173 (equation 101). A similar reason may be applied 


O N=NC 6 H 5 Na,S ? 

no 2 



to (but is not necessarily required for) the deoxygenation of a nitro 
group in the transformation of picryl chloride into 4,6-dinitrobenz- 
furoxan by hydroxylamine in the presence of sodium ethoxide 174 
(equation 102). 



( 102 ) 


In view of the paucity of information on aromatic m-dinitroso- 
derivatives the reported formation of A-l^^-trinitrosophenyl- 
A'-phenylhydrazine from picrylazobenzene treated with potassium 
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iodide in acetic acid takes on added interest 175 (equation 103). 


N=NC 6 H 5 


0 2 Ni 



KI 


NHNHC 0 H 5 
ONr7'-\'lNO 


CH.CO.H 


( 103 ) 


]Sf0 2 NO 

By intramolecular transfer of oxygen certain nitro groups are 
readily deoxygenated. A classic example is found in the photo¬ 
chemical isomerization of o-nitrobenzaldehyde into o-nitrosobenzoic 
acid 176 which takes place both in solution and in the solid state, m- 
and /j-Nitrobenzaldehydes do not give nitroso compounds, but 
certain other o-nitro derivatives undergo similar rearrange¬ 
ments 177,178 ' 179 (equations 104, 105, 106). 





(104) 


(105) 



no 2 

CH=NC 0 H f) 


hv 


l^^CONHCgHg 


(106) 


In the isomerization of o-nitrobenzaldehyde, the transfer of oxygen 
from an activated nitro group to the carbonyl carbon probably 
occurs by a redistribution of electrons when the nitro and aldehyde 
groups are coplanar with the aromatic ring 180 . A kinetic study by 
esr of free radicals produced during the reaction did not lead to a 
definitive explanation 181 . When the reaction is run in methanol, it 
is claimed that irradiation first brings about the formation of the 
dimethylacetal of o-nitrobenzaldehyde from an intermediate methoxy 
o-nitrobenzylradical 182 (equation 107). The acetal is then trans¬ 
formed into methyl o-nitrosobenzoate. 
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An intramolecular transfer of oxygen from the nitro group to 
nitrogen attached at the ort/zo-position is required in both the 
pyrolytic and the photolytic transformation of o-nitrophenyl azide 
into benzfuroxan 118 (equation 108), cf. II.P. 

O 

w , doe) 

-N. k^N /0 



A derivative of o-nitrosobenzamide is a probable intermediate in 
the von Richter reaction whereby an aromatic nitro compound is 
transformed by aqueous alcohol containing an alkali cyanide into 
an aromatic acid in which the carboxyl group occupies a position 
ortho to the position from which the nitro group was ejected 183 
(equation 109). o-Nitrosobenzamide, independently prepared, under- 



(109) 


went the required reaction with both aqueous hydroxide and cyanide 
ions with the formation of benzoic acid 184 . 

An explanation for the transformation of o-nitromandelonitrile by 
treatment with ammonia into o-nitrosobenzoic acid, first reported 
in 1906 185 and of o-nitrobenzaldehyde by treatment with potassium 
cyanide into the same product 188 may now be given an explanation 
similar to Rosenblum’s mechanism for the von Richter reaction 
(equation 110). A similar reaction was found in the formation of 



OH 

GHCN 

no 2 


NH, 

C 2 H 5 OH v 
—HGN 




(110) 
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o-nitrosobenzophenone on treating 2-nitrobenzhydrol with p. 
toluenesulfonyl chloride in pyridine for which the following explana¬ 
tion was offered 187 (equation 111). 



The step in which a nitroso group is generated in equations 93, 
109, 110 and 111 and probably in equations 104, 106 and 107 
requires opening of an isoxazoline ring, cf. II.X. When this derivative 
is also a cyclic hydroxamate anion 108,110 there is an anlogy with the 
dissociation of linear hydroxamate anions 188 (equations 112, 113). 

no 2 


O NHOH rono 

NaOR 



( 112 ) 


OH 


c 6 h 6 so 2 nchr 2 


o- 


OH 


-> c 6 h 6 so 2 nchr 2 


-> R„CHNO 


(113) 


W. Nef Reaction 

Hydrolysis of aa-nitroalkanes, the Nef reaction, is often utilized as 
a preparative method for carbonyl compounds. A persistent blue 
color in the reaction mixture during the time that aa-nitroalkane is 
being destroyed indicates the presence of a nitroso group. A reason¬ 
able mechanism for the Nef reaction in which oc-hydroxynitroso- 
alkanes are intermediates has been proposed 189,190 (equation 114). 

O OH 

f n+ + h 2 o I -n 2 o 

R 2 C=NOH R 2 C=N(OH) 2 R 2 C- N(OH) 2 

OH OH 

I H+ | + -H+ 

R 2 CNO - ^ R 2 C- N=OH -> R 2 CO + NOH (114) 

Isolation of an a-hydroxynitrosoalkane has apparently not been 
realized; however the reaction carried out in cold hydrochloric acid 
has led to the formation of a-chloronitrosoalkanes 191 (equations 115, 
116). 





Formation of the Nitroso Group and Its Reactions 


249 


NaOR HC1 

(GH 3 ) 2 CHN0 2 -> (GH 3 ) 2 G(NO)Gl (116) 

Xhe second step in the formation of 2-nitroso-3-nitro-/>-xylene 
from the corresponding dinitro compound by reduction followed 
by treatment with aqueous acid appears to follow the Nef reaction 
u p to the stage of an alternative dehydration with aromatization 192 
(equation 117). 



CH 3 ch 3 


X. Pyrolysis of Heterocycles 

A few reports begin to indicate that saturated and certain partially 
saturated rings containing a ring oxygen adjacent to a ring nitrogen 
bearing an exocyclic substituent will undergo pyrolysis with the 
release to the corresponding nitroso compound. Both 3,6-dihydro- 
and tetrahydrooxazines will liberate nitroso compounds on heating 193 
(equations 118, 119) and a similar reaction is known for a 4,4- 
diphenyloxazetidinone 194 (equation 120). 


C O heat 

NC,„ S —” 


f + C„HjNO 


(118) 


C O heat 

nc 6 h 5 


+ C 6 H 5 NO 


(119) 


(c 6 h 5 ) 2 c=c=o 


cf.no 


(c 6 H 5 


o- 


T° 

-ngf 3 


-> CF 3 NCO + CF 3 NO (120) 


A prediction that certain five membered heterocyclic tV-oxides 
would undergo pyrolytic or photolytic ring-cleavage with the 
formation of a nitroso compound is based on the formation of nitroso- 
benzene from azoxybenzene by pyrolysis 195 and from A-phenyl- 
benzalnitrone by photolysis 196 (equation 121) and the ring-opening 
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of benzfuroxan, cf. II.P. An example may have been found in the 


O 

C 6 H 5 CH=NC 6 H 6 ——> C 6 H 6 NO + other products (121) 

pyrolytic transformation of 2,3,5-triphenyl-2-methoxypyrrole-iV- 
oxide into the corresponding 1,2,6-oxazine 197 . An attractive explana¬ 
tion based on the principles of valence isomerization requires ring¬ 
opening to a nitrosodiene followed by a new ring-closure (equation 
122), cf. II.K.2. The facile conversion of an imidazole-A-oxide into 


c 6 h 5 

[=^yOCH 3 

'l' 


CcH 


6^5 


o 


heat 


9o H 5 


I OCH, 
|^-C 6 H 5 


CrHs 



an oxadiazine 198 (equation 123) may also proceed by valence iso¬ 
merization into a nitroso compound followed by a new ring-closure. 



CR 3 R 4 



Y. Electrolysis of oxime Salts 


o 



A report that electrolysis of a 1:1 mixture of the oxime of mesoxalic 
ester and its sodium salt occurs with intermolecular coupling 
between the two a-carbon atoms and the formation of a 1,2-di- 
nitroso derivative of an ethane 199 should be reinvestigated. In 
another report it is claimed that ketoximes undergo electrolytic 
oxidation in dilute sulfuric acid to give gm-nitronitroso compounds 199 . 


Z. Condensation Reactions 


A variety of nitroso derivatives of heterocyclic aromatic compounds 
have been obtained by reactions in which the heterocyclic ring is 
produced by an intramolecular condensation. The following 
examples are illustrative 200 ' 201,202 (equations 124, 125, 126). 


Cl NH 

I li 

C 6 H 5 COC=NOH + C 6 H s CNH 2 'HC) 


ether 

--^ 

dilute 


NaOH 



(124) 
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2 r Nitroso Compounds from Diazo and Diazonium Compounds 

Derivatives of diazoacetophenone in the presence of nitrosyl 
chloride release nitrogen and form geminal nitrosochloride ad¬ 
ducts 203 (equation 127); however, it is not established that a carbene 
is an intermediate. Nitric oxide reacts with diphenyldiazomethane 

NOCl 

ArCOCHN 2 -► ArCOCH(Cl)NO -> ArCOC(Cl)=NOH (127) 

to form a nitrimine 204 (equation 128) presumably by way of an 
iminoxy radical, (C e H 5 ) 2 C=NO, which has been detected 205 . 
Nitrosobenzene has been prepared from the combination of phenyl- 
diazonium chloride and an alkaline solution of potassium ferricyanide 
at 0° for 80 hours 206 . 

(C 6 H 5 ) 2 CN 2 (C 6 H 5 ) 2 C=NN0 2 (128) 

Z 2 . Natural Occurrence 

Aromatic nitroso compounds have been isolated as animal meta¬ 
bolic intermediates from corresponding aromatic primary amines 
and from corresponding aromatic nitro compounds 207 - 208,209 . 
Bacterial degradation of />-nitrobenzoic acid to jfr-aminobenzoic acid 
apparently requires the intermediacy of /;-nitrosobenzoic acid 210 . 
The green pigment ferroverdin is obtained from a species of Strep- 
tomyces 211 . 


o 

II 

/)-CH 2 =CHG 6 H 4 —oc 


•o 


Ferroverdin 



III. STRUCTURE AND REACTIONS 


A. Dimerization 

The diamagnetism for C-nitroso compounds was first demonstrated 
in a measurement of the magnetic susceptibility of nitrosobenzene 
and its p -d i methyl am i no derivative 212 . Recently the first example of 
paramagnetic resonance absorption for a C-nitroso compound was 
reported for l-acetoxy-2-methyl-2-nitrosopropane (colorless solid) 
in a 0.1 m solution (blue) in toluene. The solution contained about 
six percent of a biradical presumably derived from a dimer. An 
esr signal was not obtained in similar investigations on /;-nitroso- 
toluenc, 2-chloro-2-nitrosopropane and 1-chloro-l-nitrosocyclo- 
hexane 213 . 

A tendency toward dimerization is a distinctive property of the 
nitroso group when attached to carbon. It is intimately associated 
with, and usually detected by the disappearance of the blue or green 
color which originates from an n -*■ tt* transition with weak absorp¬ 
tion in the 6300-8300 i range (e = 1 to 60) and is characteristic of 
the monomer. Many, but by no means all, examples are colorless or 
pale yellow dimers in the solid state, becoming monomeric on 
melting, in the gas phase, or in solution. Two. types of dimers are 
known; one is an N, A r '-azodioxide, the other is an A,A-diperfluoro- 
alkyl-O-nitrosohydroxylamine. There is no known example of a 
monomer which gives both dimers. 

Nitrosomethane dimer has the structure of cis- and trans-N,N'~ 
dioxoazomethane 214 (equation 129). Each configuration may be 
represented with additional resonance structures as shown. When 


tr,c 


2 GH„NO 
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GIL. 
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H„C 


/ \ 
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O O- 

(I + I 

R—N—N—R R—N—N—R (129) 

I + II 

O 

they will dimerize, nitroso derivatives of alkanes, alkenes, pre¬ 
sumably alkynes, and aromatic compounds follow the pattern set 
by nitrosomethane and yield the expected dioxide of an azo com¬ 
pound. This dimer structure is well established by both chemical 
and physical evidence 216 but primarily by x-ray crystallography 216 . 
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Reduction of the dimer of a-nitrosotoluene to N, JV'-dibenzyl- 
hydrazine by aluminum amalgam 217 , its acid hydrolysis into 
benzhydrazide 218 and the formation of tetrahydropyridazines from 
nitroso dimers and dienes (c.M) clearly demonstrate the dimer 
N—N bond. In general, mixed dimers are unknown; however an 
incompletely characterized mixed dimer from a nitrosoheptane and 
4 -nitroso-l-octanol has been reported 219 . There continued to be 
attempts to refine the description of the bonding and recently bond 
orders of I were considered for the dimer ONNO system 220 . 

A greater thermodynamic stability by about 25 kcal/mole for 
nitrosoparaffin dimers with respect to corresponding monomers is 
diminished and monomers are stabilized when electron-withdrawing 
groups are attached at the a-position 221 , e.g. the blue monomer, 
2-bromo-2-nitrosopropane, gives no indication of dimerization 222 . 

Monomers of nitrosoaromatic derivatives may be stabilized by 
resonance. Presumably this accounts for the dissociation of nitroso- 
benzene dimer in benzene occurring too rapidly to be measured 222 . 
Conjugation between an electron releasing substituent in the para- 
position and the nitroso group further enhances the stability of the 
monomeric form of nitrosobenzene with respect to its dimer 223 - 224 . 
This effect is most pronounced in /j-dimcthylamino- and p-iodo- 
nitrosobenzene which are blue solid monomers 223 and in />nitroso- 
anisole 228 and /j-bromonitrosobenzene 223 which are blue solid 
monomers under some conditions. 

Stabilization of the dimeric form relative to monomeric deriva¬ 
tives of nitrosobenzene is brought about by ort/zo-substitution and is 
most pronounced when both ortAo-positions are occupied by groups 
larger than hydrogen. A spectrophotometric study of the monomer- 
dimer equilibrium in benzene for a series of derivatives of 2,6- 
dichloronitrosobenzene demonstrated that an electron releasing 
substituent at the 4-position favors dissociation to the monomer. 
That dimer dissociation is electron-demanding was indicated by a 
p value of —1.5, obtained in the usual Hammett pa treatment. 
A change in A F° gave a measure of the ‘resonance effect’ of the 4- 
substituents (C0 2 C 2 H s , H, CH 3 , Cl, Br and OCH 3 ) which was 
found to be identical with the isolectronic derivatives of benzalde- 
hyde as determined from the reversible formation of derivatives of 
benzaldehyde cyanohydrin 224 . 

A postulated dimerization by an ionic reaction 223 (equation 130) 
is in agreement with the resonance structures (equation 131) in 

+ _ 

R—N=0 + R—N—<): 


* (Rng >) 2 


(130) 




254 


J, H. Boyer 



(131) 


which the nitroso group is electron withdrawing. The ortho- effect 
may be attributed to steric inhibition of resonance in the monomer 226 
or to a stabilization of the dimer through steric inhibition of resonance 
resulting in a stronger N—N bond (more nearly a double bond) 215,237 . 
In contrast with ^-nitronitrosobenzene which is a pale yellow solid 
dimer, ^-dinitrosobenzene when freshly sublimed is a green solid 
monomer. It rapidly changes to a pale yellow polymer 228 (equation 
132). 



> polymer 


(132) 


Dimerization may be eliminated if intramolecular interaction 
between the nitroso group and an o-substituent in an aromatic 
compound may occur. o-Dinitrosobenzene has been a postulated 
intermediate 229 in the equilibration of unsymmetrically substituted 
benzfuroxans 230 (equation 133). A dimer of o-dinitrosobenzene is 
unknown. In a very similar equilibrium, dinitrosoolefins are assumed 


o 



o 


intermediates in the pyrolytic isomerization of unsymmetrically 
substituted monocyclic furoxans 203 (equation 134). In each example 
(equations 133, 134) the intermediate may exist as zwitterionic 


CH 3 — C—C—C b H- ~ " CH„C=CC,.H- --" 

3 // \\ 6 " 3 1 I 6 J ^ 

N N—>-0 ON NO 

x O / 

resonance structures (equations 135, 136). 
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In general dimers of nitrosoalkanes are more stable in the trans- 
configuration 211 Certain cyclic azo- A 7 , vV'-dioxidcs are allowed 
only in the civ-configuration, e.g. the azodioxides (3, 4, 5) from 
ring-closure of l,4-dichloro-l,4-dinitrosocyclohexane 116 , 2,2'-di- 
nitrosobiphenyl 118 and 4-methylcinnoline- 1,2-dioxide 231 . Dissociation 
of the ‘internal nitroso dimers’ which are also cinnoline dioxides has 
not been demonstrated, in contrast with the ring-opening of furoxans, 
vide supra. 



Nitrosobenzene dimer exists in the civ-configuration but its p- 
bromo derivative is a trans- dimer. Apparently an example of a dimer 
of a nitrosoaromatic compound in both cis- and franc-configurations 
has not been reported 231 . Conversion of a fraac-nitrosoalkane dimer 
to the civ-isomer may be brought about by ultraviolet irradiation; 
the reverse process occurs readily in nonpolar solvents without 
irradiation 214 . Similarities in solvent effects for both the conversion 
of cis- to franc-dimers and the dissociation of dimers suggests the 
intermediacy of the corresponding monomers in dimer isomerization. 

The other known mode of dimerization is a photochemical re¬ 
versible reaction and may be illustrated with trifluoronitroso- 
methane 232 (equation 137). This is discussed in detail in Chapter 4. 

hv 

2 CFgNO (GF 3 ) 2 NONO (137) 

hv 

A dimer of /3-chlorotetrafluoronitrosoethane has been obtained from 
the combination of nitric oxide and the stable di-/?-chlorotetrafluoro- 
ethyl nitric oxide 233 (equation 138). 

(ClCF 3 CF 2 ) 2 NONO „ (ClCF 2 CF 2 ) 2 NO + NO (138) 

B. Isomerization to Oximes 

The nitrosation of aliphatic carbon atoms is an important pre¬ 
parative method for oximes (isonitroso compounds in the older 
literature) in which the intermediate nitroso derivative may or may 
not be isolated. Isomerization to the oxime, in the gas phase, with 
melting or in a solution, may occur more rapidly than dimerization, 
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and is catalyzed by polar solvents, strong acids and bases and nitric 
oxide 231 . It is apparently irreversible (equation 139). When the 
nitrosating agent is nitrous fumes (N 2 0 3 ) and the reaction is carried 

R 2 CHNO -> R 2 C=NOH (139) 

out in ether, the intermediate nitroso compound may be isolated 234 . 
The first-order vapor phase isomerization of nitrosomethane, com¬ 
plicated by a contribution from a surface reaction, apparently 
proceeds by an intramolecular hydrogen transfer in agreement with 
a high negative entropy of activation 235 . 

As the molecular weight increases, the rate of isomerization may 
decrease as is seen in the increasing resistance toward isomerization 
for RNO in the series R = CH 3 , CH 2 CH 3 , CH(CH 3 ) 2 , C(CH 3 ) 3 5 . 
A particular interest may be found in a-nitrosotoluene which par¬ 
tially isomerizes into benzaldoxime on formation by the oxidation of 
benzylhydroxylamine with dichromate but is predominantly trans¬ 
formed into an extraordinarily stable nitroso dimer 218,236 . When 
treated with hydrogen chloride in chloroform it is converted to a 
mixture of benzhydrazide and its benzylidene derivative, both of 
which have retained linked nitrogen atoms 218 . Based on this informa¬ 
tion, it would appear probable that the conversion of certain nitroso- 
alkane dimers into corresponding oximes requires the intermediacy 
of the monomer. This is in agreement with the rearrangement of 
secondary nitroso dimers in the presence of hydrogen chloride which 
is dependent only on dimer concentration suggesting that the rate¬ 
determining step is likely to be dissociation to monomer 237 . 

It may be assumed that the base catalyzed isomerization of a 
nitroso monomer to the corresponding oxime proceeds by the initial 
abstraction of a proton from the a-carbon atom. It would then 
appear that the resulting carbanion exists in resonance with an 
oximino anion (equation 140); however, available chemical evidence 
indicates that this anion reacts with cations only at oxygen and/or 

OH _ H+ 

R 2 CHNO - > R 2 CNO «—> R 2 C=N—O - > R 2 C=NOH (140) 

nitrogen. An analogous resonance structure for the iminoxy radical 
(II.O), in which the unpaired spin density resides on oxygen and 
nitrogen and not on carbon, has been described. This problem of 
electron density distribution may be extended to the interesting 
nitrosolate anions, R—C=NO - . Available information does not 


NO 
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answer either the questions on the equivalence of the nitrogen atoms 
and of the oxygen atoms or the question of alkylation at carbon. 
Apparently gem-dinitroso compounds of the type R 2 C(NO) 2 where 
R^H are not known. A striking example of oxime stability with 
respect to its nitroso isomer is found in an indolone oxime. Its 
reactions, e.g. permanganate oxidation to the corresponding 3- 
nitroindole, do not require the intermediacy of a nitroso isomer 
(equation 141). Indeed 3-nitrosoindoles are unknown except in 
certain examples where the ring nitrogen carries a substituent. 
(j-Nitrosopyrrolcs give a fleeting green color on liberation from their 
salts but rapidly change to yellow, presumably indicative of the 
isomeric oximinopyrrolenine structure 238 (equation 142). 



(141) 




An equilibrium between o- and />-nitrosophenol with the respective 
quinone monoxime is well established. In solutions, /j-nitrosophenol 
(about 15%) and />-benzoquinone monoxime (about 85%) are 
detected by analysis of spectroscopic data 239 (equation 143). The 
isomers are isolated in two crystalline forms, one is pale green, the 
other is colorless. Alkaline solutions give a reddish-green color. A 
similar bright red anion was obtained from the oxime of phthalic 
anhydride 240 (equation 144). 


NOH NO" NO NO 



O O 0_ OH 


NOH NO" NO 



(143) 


(144) 
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C. Nitrosoaromatic Amine Zwitterions 

A contribution from a resonance zwitterionic structure assigned 
to primary, secondary and tertiary ^-aminonitrosobenzene deriva¬ 
tives (equation 145) is reminiscent of a similar expression for p- 
dinitrosobenzene, cf, III.A. It readily provides a basis for explaining 


NO NO"' 



reactions with acids and bases and alkylations (equations 146, 147, 
148) and accounts for the high dipole moment of/j-nitrosodimcthyl- 
aniline 218 . Alkylation (equation 148) occurs at oxygen rather than 


NO" NOH 



+ NR 2 +nr 2 

NO" NO" 



(146) 


(147) 


(148) 


at amine nitrogen (see equation 145) as is seen from the product which 
on hydrolysis gives a dialkyl- rather than a trialkylamine 241 . It has 
been reported that acylation also occurs at oxygen 242 (equation 149). 


NO" 


NOCOCoH 
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C.H.COC1 


+n(gh 3 ) 2 +n(ch 3 ) 2 Cl 


(149) 
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In contrast nitrosophenols may alkylate at the phenolic oxygen as 
is seen in the formation of 2,4,5-trimethoxynitrosobenzene from 
2,5-dimethoxy-4-hydroxynitrosobenzene and dimethyl sulfate 243 
(equation 150). 


OH 

X .OCH, 

(ch,)’ s so 4 > 

gh 3 o^J 

OCH, 

X 


O 0CH3 

CHgOl^ 

(150) 
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NO 



D. Activation of Other Substituents 

A substituent other than hydrogen may be labile at the x-position. 
In mild acid treatment, 2-acetyl-2-nitrosopropane loses the acetyl 
group 70 (equation 151). A similar reaction in base has been reported 
for the benzoyl analog 244 (equation 152). The ring-expansion of 

(CH 3 ) 2 C(NO)GOGH 3 (CH 3 ) 2 C—NOH + CH 3 CO a H (151) 

rigO 

-OCH, 

C 6 H 5 COG(CH 3 ) 2 — —> C 6 H 5 G0 2 GH 3 + (GH 3 ) 2 C=NOH (152) 

I 3 

NO 

2-alkyl-2-nitroso-l-indanones to isocarbostyril derivatives may 
follow a related path 244 (equation 153). 



An incompletely understood acid hydrolysis converts 2-chloro-2- 
nitrosobutane into a mixture of the oxime of butanone-2 and the 
monoxime of butanedione-2,3 245 (equation 154). It has been 

Cl NOH NOH 

CH 3 CCH 2 CH 3 CH 3 GCH 2 CH 3 + CH 3 COCCH 3 (154) 

NO 

suggested that these two oximes are first formed in the photolytic 
transformation of the geminal nitrosochloride into an imidazole-di- 
A-oxide 245 (equation 155). 

Aliphatic carboxylic acids in oleum are nitrosated at the oc- 
position and decarboxylated on treatment with nitrosyl sulfuric 
acid, cf. II.J. When a-hydrogen is present decarboxylation from an 
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Cl 

1 hv (C„H 6 ) 3 N 

GHoGGHgCHo -> C S H 14 0,N 2 -HC1 -—>- 

3 2 3 C h 3 OH 8 14 2 2 
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o 


(135) 


oxime would account for the product, an aldoxime 67 ; but in the 
nitrosative decarboxylation of an aromatic acid decarboxylation from 
a tertiary nitroso compound is proposed, cf, II.J. 

There is at least one example of a-halogen displacement 108 
(equation 156). The electron-withdrawing power of the nitroso 

NO NO 

/ AgNO, / 

(GH 3 ) 2 C -5k (CH s ) 2 C (156) 

Br NO a 

group has been demonstrated with />-bromonitrosobenzene which 
reacts more rapidly with silver nitrate solution than />-bromonitro- 
benzene does 246 . 


E. Reduction 

Over platinum 247,248 , nickel 249 , palladium 250,251 and other catalysts 
aliphatic and aromatic nitroso compounds are generally reduced to 
primary amines. A reported incomplete reduction with the formation 
of cyclohexylhydroxylamine from nitrosocyclohexane dimer over a 
catalyst is exceptional 217 . Metal and acid combinations and certain 
lower valent metal salts also give reduction to the corresponding 
amine. Common examples include tin in hydrochloric acid or 
stannous chloride 252-265 or zinc dust in acid 256 . Concentrated hydro¬ 
chloric acid both reduces and halogenates nitrosobenzene to form 
chloroazoxybenzene, trichloroaniline, chlorophenylhydroxylamine 
and other products 257 . Sodium bisulfite reduced j!>-nitrosotoluene to 
jft-toluidine and also sulfonated the ring 163 . Hydroiodic acid trans¬ 
formed /;-nitrosodimcthylaniline into aminomethylani 1 inc by 
simultaneous reduction and demethylation 258,259 . Oxidation of 
vanillyl alcohol to vanillin may be brought about with /;-nitroso- 
dimethylaniline 260 (equation 157). Phenylpyruvic acid 261 and N- 


261 
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benzyl-1,4-dihydronicotinamide 262 also reduce />nitrosodimcthyl- 
aniline to a primary amine (equation 158) but pyruvic acid reduces 
the nitroso compound to the corresponding azoxy derivative 261 . 



NO 


+ c 6 h s ch 2 coco 2 h 



O 


(158) 


With varying degrees of control over product formation aromatic 
nitroso compounds are reduced to mixtures of amines, azo, azoxy and 
hydrazocompounds by alcoholic alkali or alkoxide 263 , formalde¬ 
hyde 284 , hydrazine 266 , formamide 266 , hydrogen sulfide 287 , trivalent 
molybdenum 268 , zinc diethyl 269 , arsenites 270 , sodium borohydride 271 , 
phenyl mercaptan 272 , lithium aluminum hydride 273 and other 
reagents. A deficient amount of lithium aluminum hydride trans¬ 
forms nitrosobenzene into diphenylnitric oxide, detected and 
identified by its e.s.r. spectrum 273 . The photoreduction of nitroso¬ 
benzene in methanol, ethanol or benzene gives primarily azoxy- 
benzene but also its p-nitro-, o-hydroxy and /(-hydroxy derivatives, 
diphenylamine and nitrodiphenylamines 274,275 . Each of these latter 
two methods of reducing nitrosobenzene require cleavage and 
reformation of a C—N bond. An enzymatic reduction of p-nitroso- 
benzoic acid to p-aminobenzoic acid has been observed 276 . 

A summary of the reduction paths is helpful 277 (equation 159). 
With each example isomerization of the nitrosoalkane to an oxime 
may be more rapid than reduction and, if so, will alter the course 
of the reduction (equation 160). 

[H] [H] [H] 

R—NO -RNHOH 

RNO 

RN=NR 
; 
o 


RNO 

RN=NR 


[H] 


(159) 


(RNH) a 


[H] 


[H] 


R„GHNO 


> R 2 C=NOH 


> r 2 chnhoh 


> R 2 CHNH 2 (160) 
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Reductive alkylation transforms nitrosobenzene into N-,N. 
dipropylaniline in a reaction with propionaldehyde and hydrogen 
over nickel 278 . Ketones require more drastic treatment. 

Hydroxylamine reduces both o-dinitrosobenzene (benzfuroxan) 
and its para -isomer to the corresponding dioximes 116,279 . The sensi¬ 
tivity of nitroso groups toward reduction is revealed in the trans¬ 
formation of 1,2-dinitroso 4-azido-5-nitrobenzene by hydrogen 
iodide into l,2-diamino-4-azido-5-nitrobenzene 280 (equation 161). 
Copper in the presence of an acid reduces o-dinitrosobenzene, 
cf. III.O., to o-nitroaniline and isomerizes o-benzoquinone dioxime 



2 structures 


O 4 


HI ) N 3(f^l NH 2 

0 2 nI^NO QaNLi^NHa (161) 


into the same product 281 . A similar over-all reduction of the sodium 
salt of the bisulfite adduct of l,2-dinitrosonaphthalene-6-sulfonic 
acid in dilute sodium carbonate solution to a disodium salt of 1- 
amino-2-nitronaphthalene-4,6-disulfonic acid has been observed 282 . 

Aromatic thiolate anions and the t-butoxide anion transform 
nitrosobenzene into its radical anion as determined by esr measure¬ 
ments 283 (equation 162) and is the first step in the reduction of 
nitrosobenzene to azoxybenzene 284 (equation 163). Aromatic nitroso 

(162) 


C 6 H b N=N(0)C 6 H 6 + OH (163) 

compounds react with sodium in ether to produce 285 [ArNO]~Na+, 
ONa 

[ArNO]“2 Na+ and ArN—NAr, and similar results have been ob- 

I 

ONa 

tained with lower valent aluminum and unipositive magnesium 286 . 

The radical anion of nitrosobenzene is also formed in the first 
polarographic reduction step conducted in 0.2 N sodium nitrate in 
dime thy lformamide. When oxygen is present nitrobenzene is 
formed whereas in the absence of oxygen, azoxybenzene is the final 


C 6 h 5 NO 

o- 


C 6 H b NO- C 6 H b N NC 6 H b - 

o 


-> c 6 h b no-^ 

o- 

I 

: C 6 H b N-NC 8 H b 
OH 
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product 287 . The reversible reduction of nitrosobenzenc to phenyl- 
hydroxylamine is a two-electron process 288 - 289 in which the redox 
potential varies with pH. The variation of the half-peak potential 
(vs. S.C.E.) over a pH range from 1.6 to 12.5 at 25° is given by E\ — 
0.33 - 0.060 pH 290 . 

f. Deoxygenation 

Deoxygenation of a nitroso compound may provide a nitrene 
intermediate. An explanation for the formation of azoxybenzene 
on treating nitrosobenzene with triphenylphosphine requires 
deoxygenation to phenyl nitrene and subsequent combination with 
nitrosobenzene 291 (equation 164). In other examples the nitrene 
may prefer an intramolecular reaction. Cyclization of o-biphenyl 

C 6 H 5 NO + (C 6 H 5 ) 3 P-* C g H 5 N + (G 6 H 6 ) 3 PO 

C 6 H b N + C 6 H 5 NO-> C 6 H 6 N(0)=NC 6 H b (164) 

nitrene, an assumed intermediate, accounts for the formation of 
carbazole in a reaction between o-nitrosobiphenyl and triphenyl¬ 
phosphine 292 (equation 165). The intermediacy of a nitrene has been 



assumed in both the photolytic and the pyrolytic conversion of 
o-nitroso-o'-azidobiphenyl into benzocinnoline-A-oxide 293 (equation 
166). 



An isonitrile may deoxygenate a nitroso compound and apparently 
can combine with an intermediate nitrene with the formation 
of a carbodiimide. A r -Tnfluoromethyl-A r '-methylcarbodiimide is 
obtained from trifluoronitrosomethane and methyl isonitrile 194 (equa¬ 
tion 167). The earlier work of Passerini 294,295 in which N,N'~ 

CH.NC CH.NC 

CF 3 NO - 5 ->- CF 3 N - 5 ->■ CF 3 N=C=NCH 3 (167) 

—GHgNGO " 


264 


J, H. Boyer 


diphenylurea was obtained from nitrosobenzene and phenyl iso¬ 
nitrile is easily accounted for by a similar reaction leading to the 
formation of diphenylcarbodiimide followed by hydration (equation 
168). 

C e H 5 NO - c ° H|iN ^- > C 6 H 5 N=C=NC 6 H 5 —^ C 6 H 6 NHCONHC 6 H 5 (168) 

Deoxygenation and ring-enlargement occur when gm-chloro- 
nitrosocyclohexane is treated with triphenylphosphine in benzene. 
An explanation which has been offered may not require the inter¬ 
mediacy of a nitrene 296 (equation 169). 

<c„h s ) 3 p ^ | / ’N=NOP(C 6 H 5 ) 3 -(c,h 5 ) 3 po 

c 0 h„ > > 

> caprolactam (169) 

G. Oxidation 

Nitric acid 297 , hydrogen peroxide 298 , permanganate 299 chromic 
oxide 300 , persulfuric acid 300 , ammonium persulfate 801 , hypochlo¬ 
rite 300 , peroxyacetic acid 302 , peroxytrifluoroacetic acid 303 , ozone 304 
and other reagents oxidize nitroso compounds to nitro compounds. 
The reaction, generally limited to tertiary aliphatic and aromatic 
nitroso derivatives, often leads to several products. In strong nitric 
acid, nitrosobenzene is transformed into nitrobenzene, /(-dinitroso- 
benzene, /(-nitrophenol, 2,4-dinitrophenol, picric acid and oxalic 
acid 305 . 

With first-order dependence on each reactant, nitrosobenzenes 
are oxidized by peroxyacetic acid in aqueous ethanol to corre¬ 
sponding nitrobenzenes 302 . The reaction is accelerated by electron¬ 
releasing /(-substituents and by changing the solvent from ethanol 
to water, and it is decelerated by electron-withdrawing /(-substi¬ 
tuents. Apparently a greater acidity in the peroxy acid enhances the 
reaction; peroxychloroacetic and Caro’s acid each oxidize nitroso¬ 
benzene more rapidly than does peroxyacetic acid. A mechanism 
consistent with these facts calls for a reaction initiated by a nucleo¬ 
philic attack of the nitroso nitrogen on the outer oxygen of the 
peroxy acid with a transition state composed of the peroxy acid, the 
nitroso compound and a solvent molecule. This mechanism is also 
supported by the direction and magnitude of the substituent effect 
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(p —1.58), the activation parameters for nitrosobenzene (E a 16.1 
kcal mole -1 , AAJ — 22 cal mole -1 deg -1 ), and the absence of acid 
catalysis. 

The resistance of m-triflnoromethylnitrosobcnzcnc toward oxida¬ 
tion by permanganate, dichromate or hydrogen peroxide in acetic 
acid 166 is not typical and gives a striking contrast with the facile 
oxidation of the nitroso group in 2-hydroxy-3-nitroso-4-amino- 
pyridine by hydrogen peroxide in sulfuric acid 69,306 (equation 170). 



An intramolecular transfer of oxygen between nitroso and nitro 
groups ortho to each other in aromatic compounds or on adjacent 
paraffinic carbon atoms is themally produced in one instance and 
base-catalyzed in the other (equations 171, 172). The intermediacy 
of a furoxan oxide and a dihydrofuroxan oxide respectively may 
be required 307,308 . 



H. Free Radicals 

Free radicals tend to attack the nitroso group in pairs in a reaction 
leading to the formation of an 0,iV-disubstituted hydroxylamine. 
The adduct from trifluoronitrosomethane and two molecules of 
nitric oxide has been isolated 309,310 ; however, the reaction usually 
proceeds at higher temperatures with rearrangement to a diazonium 
nitrate and subsequent decomposition 311 (equation 173). Certain 
aliphatic nitroso compounds combine with nitric oxide to form 

cf 3 no - 2n °> cf 3 n—ono-> gf 3 n=n—ono 2 -> cf 3 + n 2 + no 3 

NO 

NOg + NO -2 NO a (173) 

corresponding nitro compounds and nitrate esters along with trace 
amounts of nitrite esters 236,312 (equation 174). Presumably, a dinitro- 
sohydroxylamine and a diazonitrate are intermediates. 
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NO 


'NO 


25-50 
1-6 atm. 


ONO, 


iNO, 


ONO 


(174) 


/?-Naphthol is transformed into a diazooxide on addition to the 
reaction mixture in which 1-nitrosohexyne-l is treated with nitric 
oxide in methylene chloride at low temperature 313 (equation 175). 
On similar treatment, dimethylaniline is transformed into its /;-nitro 
and jfr-diazonium salt derivatives. 


ONC=CC 4 H 9 


NO 

-78" 


fiC I 0 H,OH 



+ hc=cc 4 h, 


4 n 9 


(175) 


Many, but not all, radicals readily react with the nitroso group. 
Nitrosobenzene has an exceptionally high ‘methyl affinity’ (ca 10 5 ) 314 
but has less tendency to react with triphenylmethyl 315 , It has been 
reported that nitrosobenzene reacts with triphenylmethyl in benzene 
to produce triphenylcarbinol and />,/>' -di triphenyl methylazoxy- 
benzene 310 . The formation of trimethylhydroxylamine from nitroso- 
methane and methyl radicals at room temperature has been 
demonstrated 317 . In contrast, apparently neither an 0,iV-dinitroso- 
hydroxylamine nor a triperfluoroalkylhydroxylamine has been 
detected during the dimerization of a perfluoronitrosoalkane which 
presumably proceeds with the initial formation of a nitric oxide and 
a perfluoroalkyl with subsequent addition of each to an unchanged 
perfluoronitrosoalkane, cf. III.A. A radical mechanism was proposed 
to explain the formation of A-trifluoromethyl-A'-fluorodiimide 
oxide from either the photochemical or the thermal reaction of 
trifluoronitrosomethane and tetrafluorohydrazine 318 (equation 176). 


RNO 


■NF, 


O- 

I 

R—N—NF, 


+ 


o- 

I 

-> RN=NF + F- 
+ 


(176) 


R = alkyl, aryl, prefluoroalkyl 

The high efficiency of/-nitrosodimethylaniline as a scavenger for 
the hydroxyl radical 319 further demonstrates the affinity the nitroso 
group has for radicals. 


I. Monoolefms 

Both oxazetidines and copolymers are formed in reactions between 
perfluoroolefins and perfluoro nitroso derivatives 320 (equation 177). 
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At lower temperatures polymer formation may predominate. 
Pyrolysis of the oxazetidinone from diphenylketene and trifluoro- 

cf„- cr„ 


CF 3 CF 2 NO 


-> GF 3 GF 2 - n-O + (N-0-CF 2 CF 2 )„ 


(177) 


nitrosomethane gives both trifluoromethyl isocyanate and trifluoro- 
nitrosomethane 104 (equation 178). Apparently two oxazetidinones 
resulted from the combination of diphenyl ketene and nitroso- 


300° 

( G 6 H b) 2 G — 0=0 --> GFjNGO + GF 3 NO (178) 

O—NGF 3 


benzene. Pyrolysis of one gave benzophenone and phenyl isocyanate; 
the other was less stable and readily dissociated into carbon dioxide 
and benzophenone anil 321 (equations 179, 180); 


(c 6 h 6 ) 2 g-g=o - 

—> (G e H 6 ) 2 GO + g 6 h b ngo 

(179) 

o-nc 6 h b 



(c 6 h 6 ) 2 g-g=o — 

—> (G 6 H B ) 2 G=NG 6 H B + co 2 

(180) 

c 6 n 6 n-o 




Trifluoronitrosomethane gives a 1:1 adduct with ethyl azodi¬ 
car boxy late and both a 1:1 and a 2:1 adduct with styrene 104 . The 
latter equimolar adduct undergoes pyrolysis with the formation of 
trifluoronitrosomethane, formaldehyde and the Schiff base of tri- 
fluoromethylamine and benzaldehyde (equation 181). A 2:1 adduct 


(CF 3 NO) 2 -G 6 H 6 GH=CH 2 - A > G 6 H 6 GH=NGF 3 + CH 2 0 + CF 3 NO (181) 

obtained from trifluoronitrosomethane and trifluorostyrene 323 also 
releases trifluoronitrosomethane on heating. From nmr data the 
first of the 2:1 adducts has been assigned the structure of a tetra- 
hydro-(l,2,3)-oxadiazole (6) and the latter the structure of a 1,2- 
diazacyclobutane 323 (7). These adducts are structurally different 


GF 3 G eH 5 

CM—N-CH 

/ \ 
F 3 C]Nk _.CH 2 


( 6 ) 


F F 

I I 

G B H,C—c—F 

I I 

F,G—N—N—CF, 

f i 

O O 

P) 


from the adduct which has been obtained from nitrosobenzene and 
styrene and has been shown to be an unstable tetrahydrofuroxan 
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which dissociates into nitrones 324 (equation 182). 

2 c 6 h s no + c 8 h 5 ch=ch 2 -> c 6 h b ch-gh 2 

G 6 H b N NC 6 H b 

*\ / 

o o 

o o o 

T t II 

c 6 h b ch=nc 8 h 6 + ch 2 =nc„h 6 (-> HGNHG e H B ) 


(182) 


J. Acetylenes and Arynes 

Certain acetylenes combine with two moles of a nitroso compound 
to give vicinal fc-nitrones 325 (equation 183). A /;u-nitrone, 1,2,3,4- 
tetrahydrophenazine-A,A'-dioxide is also obtained from 1-morpho- 
linocyclohexene and o-dinitrosobenzene (benzfuroxan) 326 (equation 
184). Other eneamines gave similar reactions. Nitrosobenzene adds 
to benzyne in a more complicated reaction which leads to the forma¬ 
tion of iV-phenylcarbazole 327 (equation 185). 

C 6 H 6 feCC 6 H 5 CcHr>N °> (G 6 H 5 N(0)=CC 6 H b ) 2 (183) 


O 

t 



g 6 h b 


K. Thioketones, Phosphorous Ylids, Azomethine Derivatives 

Nitrosobenzene combines with a variety of doubly unsaturated 
bonds connecting carbon to a heteroatom (equations 186, 187, 188, 
189), but it is not known whether these reactions proceed with the 
initial formation of four-membered rings 328,329 . The cleavage of 
nitrones by nitrosobenzene (equation 189) is apparently slow since 
nitrones are often prepared by reactions of nitroso compounds. 

CgH.NO 

Ar 2 C=S - y Ar 2 C=NC 6 H B 

Ar 2 G-P(C 6 H B ) 3 


> Ar 2 C -NC 6 H 6 


(186) 

(187) 
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(C 6 H 5 ) 3 P=N-N=C(C 6 H 6 ) 2 -> (C e H 5 ) 2 G=NG e H B + N 2 + (C 6 H 5 ) 3 PO (188) 

o o 

t g„h 5 no t 

RGH=NC 6 H b -5-> RCHO + C 6 H B N=NG e H 6 (189) 

As a nucleophile, nitrosobenzene combines with benzonitrile 
oxide to produce a nitrosonitrone 330 (equation 190). On mild 
heating the latter cyclizes. 


c 6 h 6 cno 


O 

t 


O 


C 6 H 6 NO —-> G 6 H 5 G=NG 8 H 5 «-► C 6 H 5 C-NC 6 H B -> 


NO 


N—O- 



H 

1 


;cc 6 h 5 


(190) 


OH 


L. Diazoalkanes 


Many combinations of nitroso compounds and diazoalkanes lead 
to nitrones 331 (equations 191, 192, 193, 194). In the reaction with 
diazomethane oxidation may occur and the product is a iw-nitrone 
(equation 191). The same nitrone is obtained from the reaction 
between formaldehyde and phenylhydroxylamine and from the 
reaction between diazomethane and nitrosobenzene 332 (equation 195). 
It has been suggested that the reaction proceeds by electrophilic 
attack of nitroso nitrogen upon diazoalkane carbon 333 . This is in 
agreement with the formation of an adduct between trifluoronitroso- 
methane and diazomethane which subsequently loses nitrogen 194 . 
On treatment with diazomethane, the reduction of nitrosomesitylene 
to the corresponding hydroxylamine 334 may have proceeded with the 
initial formation of a nitrone followed by the Krohnke reaction, 
cf. III.R, in which the nitrone is cleaved to an aldehyde and a 
derivative of hydroxylamine. 


c 6 f b no 

->. 

(C 6 F b N(0)=CH) 2 

(191) 


(g 6 h 6 ) 2 cn 2 



c 6 f b no 

- ^ 

C 6 F b N( 0)=C(C 6 H b ) 2 

(192) 


cf 3 chn 2 



c 6 h b no 

- ^ 

G 6 H b N(0)=GHGF 3 

(193) 


cf 3 chn 2 



(CH 3 ) 3 GNO 

- >. 

(GH 3 ) 3 GN(0)=GHCF 3 

(194) 
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C 6 H 5 NHOH CHa ° > CH 2 (N(C 6 H 6 )OH) 2 


CHoNg 


( 195 ) 


M. Conjugated Dienes 

Dihydro- 1,2-oxazines are readily obtained from aromatic nitroso 
compounds and conjugated dienes. The addition of an aromatic 
nitroso compound to 2,3-dimethyl-1,3-butadiene follows first order 
kinetics in each reactant with low activation energies (14.23 kcal [ 
mole for nitrosobenzene) 335 (equation 196). Nitroso dimers may com- 


ArNO + 





( 196 ) 


bine with dienes with the formation of tctrahydropyridazine-A'jiV'- 
dioxides 336 (equation 197). 


(ArNO) 2 + 


> 



( 197 ) 


An unsymmetrically substituted diene may combine with a 
nitroso monomer to give a mixture of the two expected structural 
isomers 337 . Apparently the monosubstituted 1-arylbutadienes give 
exclusively the dihydrooxazines in which oxygen is attached to the 
benzylic carbon; the disubstituted l-phenyl-4-carbomethoxybuta- 
diene gives the isomer in which nitrogen is attached to the benzylic 
carbon 338 . Nitrosobenzene failed to react with anthracene 339 . 

Aliphatic nitroso compounds are more resistant to dienes; 2- 
methyl-2-nitrosopropane failed to react with 2,3-dimethylbuta- 
diene 133,139 however, its perfluoro analog combined with butadiene 
over a three day period in a sealed tube 340 (equation 198). 


(CF 3 ) 3 CNO + 


c 


> 


•NC(CF 3 ) 3 

,o 


( 198 ) 


Both a-halo- and a-cyanonitrosoalkanes also combine with dienes 
to give the expected dihydrooxazine 133 . The resistance of both 1- 
chloro-l-nitrosocyclohexane and nitrosobenzene to react with 
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2 , 3 -diphenyl-, 1,1-diphenyl-, and 1,2,3,4-tetraphenylbutadiene -1,3 
may be attributed to a combination of steric and electronic effects 341 
Put a steric hindrance does not prevent the addition of aromatic 
nitroso compounds to 1,3-diphenylisobenzofuran 342 (equation 199) 
or to tetraphenylcyclopentadienone 343 . 


ArNO 

- > 


C 0 H 5 



CflH s 


g 6 h 5 

V'AIAr 

G 


(199) 


N. Compounds with Active Hydrogen 


A compound which contains an active hydrogen may add in the 
expected manner to a nitroso group; diethyl acid phosphite adding 
to trifluoronitrosomethane gives an example 344 (equation 200). The 
nitroso group may also combine with hydrogen azide. From aro- 


CFgNO + (C 2 H s O) 2 PHO --> 


CF 3 NP(0)(0C 2 H 5 ) 2 

OH 


( 200 ) 


matic nitroso compounds the corresponding aryl azides are often 
obtained in good yield. As expected, electron withdrawing ring 
substituents facilitate the reaction. In support of both a linear and a 
cyclic pentazene intermediate 345 , it has been shown by isotopic 
labeling that the two outer nitrogens in the product azide are derived 
from the outer nitrogens in hydrogen azide (equation 201). The 
reaction has been extended to the preparation of a-nitroazidoal- 
kanes 348 . 

OH O 

hn 3 I .. t hn 3 + 

ArNO -4- ArN- -N -->■ ArN=NH -> ArN 2 N 3 ->- 

N 2 ■ • or 

ArN=NOH 


+ — 

ArN=N—N=N=N - 


Ar—N 


/ 


N=N 


\ 


-N a 


[H] 

> ArN„ -> 

* TXT 


N=N 


ArNH 2 (no N 15 ) 
( 201 ) 


Nitrosobenzene is feebly basic (pA a at 25° in absolute 
methanol) 347 ; nevertheless, aliphatic and aromatic nitroso com¬ 
pounds are sufficiently nucleophilic to form adducts with /;-toluene- 
sulfinic acid 328 , hydrogen chloride 28,348,349,350 and hydrogen bromide 350 . 
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Presumably the adducts are hydroxyl amines (equation 202). In 
one instance a nitrosotoluene was transformed into a cresol by 
mineral acid conceivably by cleavage to a nitrosyl halide followed 
by diazotization of unchanged nitrosotoluene and hydrolysis 348 ’ 3 « 
(equation 203). This agrees with the demonstration of the reversi¬ 
bility of nitrosation at carbon in which /;-nitrosodimcthylaniline 
was produced in an alcoholic hydrogen chloride solution of p. 
nitrosodiphenylamine and dimethylaniline 361 . Concentrated sul¬ 
furic 362 , hydrofluoric 353 or peroxytrifluoroacetic acid 303 may catalyze 

HX 

ArNO ->■ ArN(X) OH (202) 

HX 

ArNO -> ArH + NOX 

NOX HOH 

ArNO ->■ ArN 2 X -> ArOH (203) 

an addition of nitrosobenzene to itself (equation 204). Similar 

acid 

2 C 6 H 5 NO -v /.-ONC 6 H 4 N(C 8 H 6 )OH (204) 

condensations occur with o- and m-substituted derivatives of nitro¬ 
sobenzene 362 , but more complicated reactions occur when a sub¬ 
stituent is para to the nitroso group. From ^-nitrosotoluene in 
concentrated sulfuric acid in acetic acid, dimethylphenazine oxide, 
dimethylphenazine, /j-azoxytoluene, /-azotoluenc and unidentified 
compounds are obtained 364 . 

Phenols combine with nitroso compounds with the generation of a 
new carbon-nitrogen rather than a new oxygen-nitrogen bond 365 
(equations 205, 206). Ring-closure to phenoxazine derivatives may 
follow. 



NO 


There are at least two condensations with phenols which have 
been developed in qualitative detection of the nitroso group. On 
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treatment of a nitroso compound with a one percent solution of 
resorcinol in concentrated hydrochloric acid, a blue-violet color 
develops which after dilution with water, and extraction with 
ether, gives a red color 355 . In the other test, G-nitroso compounds, 
from which nitrous acid is eliminated upon treatment with concen¬ 
trated sulfuric acid, give Liebermann’s test with alkaline phenol. The 
nitrous acid reacts with the phenol to give //-nitrosophcnol, which 
condenses with more phenol to give indophenol; when the product 
is poured into alkali, the blue color of the anion appears 35513 (equa¬ 
tion 206a). 


OH OH 



O. Complexes with Metal Salts and Lewis Acids and Metal Chelates 

Certain nitroso bases give colored precipitates of the corre¬ 
sponding ferro- and ferricyanide complexes. For example, p- 
ni troso- N, W-dimethylaniline ferrocyanide precipitates in red-brown 
needles which appear blue by reflected light 386 . Sunlight irradiation 
of a potassium ferrocyanide solution with aromatic nitroso com¬ 
pounds first gives a red color followed by the formation of a complex 
salt with RNO of the type 357 K 3 [Fe(CN) 5 -RNO]. A similar exchange 
reaction between Na 3 [Fe(CN) 5 NH 3 ] and RNO is brought about by 
sunlight and is accompanied by a color change from bright yellow 
to violet or green and has been used for the detection of aromatic 
nitroso compounds 358 . 

Complex salts from nitroso compounds and certain metallic 
halides have been noted in several instances. The green solution of 
nitrosobenzene, when mixed with an alcoholic solution of cadmium 
iodide, slowly deposits very small colorless crystals of the salt 359 , 
(C 6 H 5 NO) 5 'CdI 2 . With bismuth trichloride and p-nitroso-N,Nr 
dimethylaniline, a similar complex, 2[/)-NOC 6 H 4 N(CFl 3 ) J-3 BiCl 3 , 
is formed 360 . Yellow amorphous complexes have been reported 361 
for 2 C 6 H 5 NO-SnCl 4 and 2 C 6 H 6 NO-TiCl 4 . By the direct addition of 
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one mole of /J-nitroso-A^A'-dimethylaniline with one mole each of 
various uranyl salts in suitable solvents, amorphous colored addition 
compounds are formed. For example, ^-nitroso-A, A-dimethyl- 
aniline uranyl nitrate is amorphous, dark yellow and explosive; 
bis(/(-nitroso-A, A-dimethylaniline) uranyl nitrate is orange-red and 
also explosive 362 . Attempts to prepare similar salts from unsubstituted 
dimethylaniline failed. 

A 1:1 adduct from nitrosobenzene and boron trichloride has been 
detected but not isolated 363 and a 2:1:1 adduct from trifluoronitroso- 
methane, perfluoroethylene and phosphorous trichloride has been 
isolated 364 (equation 207). 


2CF,NO + C»F, + PC1 3 


F F 

CF,N NCF 3 h 2 o 

-> 3 | I --► 

O P 

\ p / 

Cl, 


H 3 P0 4 + 3 F1C1 + CF 3 NCF 2 CF 2 NCF 3 (207) 
OH OH 

A nitroso compound may be completely decomposed on shaking 
with mercury for a day 365 but nitrosoacetylenes and their mercury 
derivatives can be prepared from the corresponding mercury 
acetylides 313,366 (equation 208). 


NOCl 


(C 4 H 9 G=C) 2 Hg-> C 4 H 9 C==CNO + (C 6 H 9 NOHg)„ 


(208) 


Chelates of nitrosophenols and metal ions have been adapted to 
analytical procedures and are of wide importance in bonding metal 
dyes to fibers 367 . The cobalt chelate of ‘Gambine y’ (l-nitroso-2- 
naphthol) is a representative example (equation 209). The same 


NOH 



(209) 


nitrosonaphthol combines with dialkyltin chlorides without chelating 
the nitroso group 368 (equation 210). 




O (210) 


Formation of the Nitroso Group and Its Reactions 


275 


In the presence of acid, copper combines with the ring-opened 
isomer, o-dinitrosobenzene, of benzfuroxan 281 (equation 211). 


iNO 

NO 


NO 


- ci 

(2 structures) 


O" 

Jc 


•t* rr 'X - 


Cu/ 2 

.0 

( 211 ) 


p. Methylene and Methynyl Groups in Olefins, Schiff Bases, Carbonyl 
Compounds 

Certain olefins which do not combine with the nitroso group to 
give oxazetidines, cf. III.I, and have hydrogen attached to olefinic 
carbon may add to the nitroso double bond with the formation of an 
i\t,A r -disubstituted hydroxylamine 323 (equations 212, 213). The 
reaction in which three molecules of nitrosobenzene combine with a 

CH 2 =CHCO a CH a CF 3 NCH=CHC0 2 CH 3 (212) 

OH 

CH 2 =CHOCOCH 3 —-'y CF 3 NCH=CHOCOCH 3 (213) 

OH 


C 5 H 8 unit in rubber may require an initial addition of this kind with 
subsequent oxidation to a nitrone and azoxybenzene 360 (equation 
214). The iw-nitrone obtained from nitrosobenzene and jfj-bcnzo- 
quinone 370 (equation 215) may also require initially the formation 
of a fc-hydroxylami ne since azoxybenzene is also produced. 

C,H 5 NO C.H.NO 

- CH,—C - CMC II,,-— > —GH 2 —C==C—GH 2 -— ► 

I II 

ch 3 gh 3 N(G 6 H 5 )OH 

—GH=G-G—CH 2 — + G..H r NHOH 

I II 

CH„ IwO 

I 

g 6 h 5 

o 

C.H.NO T 

C 6 H b NHOH -i-5-> G 6 H 6 N=NC 6 H 6 (214) 


C,H„NO 



N(OH)C 6 H 5 

n(oh)g 0 h 5 


C„H s NO 


.rV 


=n(o)c 6 h 5 

-C,H t NHOH 1!^>=N(0)C 6 H 5 

o 


(215) 
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A similar attack by nitroso nitrogen on a terminal methylene group 
in an azomethine linkage has been described 371 (equation 216). 4 
Probably the base catalyzed addition of an aldehyde to the nitroso 
group is a related reaction 372 (equation 217). Safrole reacts with 
nitrosobenzcnc to give a nitrone and azoxybenzene; presumably the ■ 

C.HrNO 

CH 2 =NAr ——-> C 6 H 6 NGH=NAr 

OH 

ArNO 

RCHO -ArNCOR 

Al(OR ) 3 | 

OH 


( 216 ) 
(217) . 


expected hydroxylamine is an intermediate 373 (equation 218). 



c„h 5 no [o] 

-> ArCH 2 CH=CHNC 0 H 3 > • 


OH 


O 


O 


T t 

ArGH=CHCH—NC 6 H 6 + C 6 H 5 N=NC a H 5 


(218) 


Q. Grignard Reagents 

The early work of Wieland demonstrated the initial formation of 
an A r , A-disubstituted hydroxylamine salt which subsequently may 
be reduced by an excess of the Grignard reagent to a secondary 
amine 374,378 (equation 219). Hydroxylamines were not isolated from 

Ar'MgBr H s O 

ArNO - y ArAr'NOMgBr ->■ ArAr'NOH 

Ar'MgBr H a O 

ArAr'NOMgBr- > ArAr'NMgBr ->- ArAr'NH (219) 

nitrosobenzenes in which powerful electron-donating groups such 
as methoxy and dimethylamino occupied the /jam-position and 
further reaction leading to the expected secondary amine was de¬ 
tected 375 as well as reduction to corresponding azobenzenes 376 . The 
formation of intermediate nitroso radical anions 377 appears probable 
but would not be required for the formation of /;-tolylphcnylnitric 
oxide from either /)-nitrosotoluene with phenylmagnesium bromide 
or nitrosobenzene with j^-tolylmagnesium bromide 378 (equation 220). 
Both dialkylzinc and alkyl Grignard reagents transform 2-halo-2- 

C 6 H 6 /'-CHgCgHjMgBr 

+ 


^-gh 3 g 6 h 4 no 

+ 

C 6 H 5 MgBr 


> />-CH 3 C 6 H 4 NO < 


g 6 h b no 


( 220 ) 
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nid'osopi'opanc into products of dehydrohalogenation, reduction and 

condensation 379 . 

r. Ehrlich-Sachs Reaction 

A base catalyzed condensation between an active methylene group 
and the nitroso group attached to an aromatic ring is known as the 
Ehrlich-Sachs reaction 380 . It is presumably initiated by a nucleo¬ 
philic attack by the corresponding carbanion on nitroso nitrogen. 
Dehydration of an assumed intermediate hydroxylamine gives the 
expected product, an anil, in competition with oxidation to a ni¬ 
trone (equation 221). Unreacted nitroso compound may serve as the 
oxidizing agent and is thereby reduced to an azoxy compound or an 
amine. The catalyst is usually provided by an aqueous alcoholic 
soda solution but sodium alkoxides 381 ' 382 , alkali 383 , piperidine 384 , 
potassium cyanide, trisodium phosphate and other bases have been 
effective. In general the reaction leads to a mixture and there is 
limited success in predicting a predominance of dehydration or of 
oxidation product. Typical examples of compounds containing an 
active methylene group which participates in the Ehrlich-Sachs 



\ 

CH- 

/ 


ArNO 
-> 


Ar 

^cHty—o - 

/ 


h 2 o 

- > 

-HO" 


\ 


\ —h 2 o 

CHN(Ar)OH -=->- 


IO] 


\ Y 

C=N(0)Ar 

/ 


\ 

C=NAr 

/ 


( 221 ) 


reaction include benzyl cyanide, 2,4-dinitrotoluene 384 , certain 
cyclopentadienes 386 , benzyldiphenylphosphine oxide 382 , indole 386 
and certain other heterocycles 387 . 

For an example of a postulated intramolecular condensation of 
an o-nitroso-7V,jV-di methyl aniline leading to the formation of the 
corresponding iV-methylimidazole see II.V. In the condensation 
with indole the required anion is one expression of the resonance 
anion of indole (equation 222). An unidentified product, G 9 H 7 0 3 N, 
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formed in the absence of base from paraldehyde and o-nitrosobenzoic I 
acid exposed to sunlight may be the expected anil 388 (equation 223), I 



paraldehyde 


sunlight 



N=CHCHO 

co 2 h 



Benzyl and certain other halides also condense with aromatic I 
nitroso compounds to give nitrones 383 (equation 224) by a reaction 1 
sequence in which initial attack by either a carbanion or a carbene ? 



seems plausible. Additional base is not required for the condensation 
between /'-nitrosodimethylaniline and ethylene dibromide. The 
product, identical with the fc-nitrone obtained from /;-nitroso- 
dimethylaniline and diazomethane 389 (equation 225), cf. III.L., i s 
transformed into £«-dimethylaminoazoxybenzene on being heated 
with />nitrosodimethylaniline in ethanol. A preparation of aldehydes 
from nitrones by hydrolysis (Krohnke reaction) calls for a variation 

(CH,Br), 

^-ONG 6 H 4 N(GH 3 ) 2 ■ - > ((CH 3 ) 2 NC 6 H 4 N(0)^CH) 2 (225) 

in the nitrone synthesis in which the halide is first transformed into 

its pyridinium salt 390 . 

+ — 

Sulfonium (R 2 S—CR 2 ) and phosphonium ylides readily combine 
with nitrosobenzene to give a nitrone and a sulfide in the former 
examples 391 (equation 226) and an anil and a phosphine oxide in the 
latter 328 , cf. III.K. 

Ar 2 G—S(CH 3 ) 2 C ^ y ‘° > Ar 2 C=N(0)C 6 H 5 + (CH 3 ) 2 S (226) 


S. Amines, Hydroxylamines, Hydrazines 

Amines, hydrazines and hydroxylamines are additional reagents 
which may attack the nitroso nitrogen. Azo compounds are formed 
in the condensation of primary aromatic amines with aromatic 
nitroso compounds generally carried out under mild conditions in 
acetic acid 392 (equation 227). Unsymmetrically substituted azo 
compounds are readily obtained; p-toluidine and nitrosobenzene or 
aniline and /j-nitrosotoluenc give nearly the theoretical amount of 
benzene-azo-/>toluene 3! ' 3 . 

Ar'NH„ 

ArNO --ArN=NAr (227 

ch 3 co 2 h 
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From a kinetic study a rate determining step in which protonated 
0 r acid-activated nitrosobenzene attacks nitrogen of free aniline in 
acetic acid has been postulated 394 with the recognition that a proto¬ 
nated iV-anilinohydroxylamine may be an intermediate. Oxidation 
0 f the intermediate accounts for the-’* formation of corresponding 
azoxy compounds as by-products 395 . 4 

fn reaction with m- and /j-nitroanilinc, nitrosobenzene gives the 
expected azo compound; but o-nitroaniline combines with nitroso¬ 
benzene to give o-nitro-p'-nitrosodiphenylamine 392 (equation 228). 
It is reported that o-nitroaniline does not react with either o- or m- 
nitronitrosobenzene. 


0 -O 2 NG 6 H 4 NH 2 


c r h k no 


->- 0-O 2 NC 6 H 4 NH 
/>-ONC 6 H 4 


(228) 


The condensation may lead to interesting variations as the 
following three reactions will illustrate. (1) An unidentified product, 
CacHisONa, was obtained from nitrosobenzene and a-naphthyl- 
amine 390 . (2) Aniline condenses with each nitroso group in derivatives 
of /j-dinitrosobenzene to give both the expected bis- azo- as well as 
the azoazoxy-products 397 . (3) Azophenine is obtained on treating 
/j-nitrosodiphenylamine with aniline in the presence of its hydro¬ 
chloride 398 (equation 229). 


NHC 0 H,, 


C»H„NH, 

HCI 


NO 


ng c h 5 

|NHC c H 5 

^nhc 0 h 6 
nc 0 h 5 


(229) 


There is a lack of information on possible reactions between primary 
aliphatic amines and nitroso compounds. Dilute aqueous ethyl 
amine reacts with 1-nitroso-2-naphthol to give 1 -nitroso-2-A- 
ethylaminonaphthalene 399,400 and no product was reported which 
would indicate a reaction at the nitroso group. In general aromatic 
nitroso amines are produced by digesting nitrosophenols with hot 
solid ammonium chloride and ammonium acetate 101 . Secondary 
amines may react in a complicated way with nitrosobenzene to give 
azobenzene, nitrobenzene, aniline and azoxybenzene. A small 
portion of the amine is changed into an N, iV-dialkylhydroxylamine 
which also appears to be formed when nitrosobenzene is heated for 
a long time with a tertiary amine 402 . It would appear that secondary 
amines are not highly reactive toward the nitroso group since 
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piperidine is sometimes employed as a catalyst for other reactions. I 
In concentrated sulluric acid certain nitroso compounds and diphenyl- ij 
amine condense through the jfrara-position to form highly colored 1 
blue quinonimines, sometimes used to detect the presence of a 1 
nitroso group 403 . j 

Safraninc, one of the earliest synthetic dyes, is a derivative of j 
phenazinc. A safraninc dye may easily be obtained by heating 1 
jfr-nitroso--/V,JV-dimethylanilinc with a primary aromatic amine in 
the presence of its hydrochloride 404 . 

Hydroxylaminc will transform an aromatic nitroso compound 
into a diazonium hydroxide 400 ' 403 . The reaction is probably cata¬ 
lyzed by base and is limited to those nitroso derivatives which may 
not isomerize into oximes. As expected, many nitrosopyrroles and 
nitrosophenols do not react in this way with hydroxylamine 408 . On 
the other hand primary and secondary amino derivatives of aromatic 
nitroso compounds are more resistant to isomerization and are often 
diazotized by hydroxylamine. The transformation of/>-anilinonitroso- 
benzene into /v-anilinophcnyl azide also demonstrates that an initially 
formed diazonium hydroxide may react further with hydroxylamine 
to form an azide 407 (equation 230). 

H-NOH + - H,NOH 

^c 6 h 5 nhc 6 h 4 no c 6 h b nhc 6 h 4 n 2 oh-> c 6 h 6 nhc 6 h 4 n 3 (230) 

In the presence of hydroxylamine, /?-nitroperfluoronitrosoethane 
is transformed into nitrodifluoroacetic acid 408 (equation 231), 
apparently by way of an intermediate diazonium compound. 

OH 

H,NOH | -H-O 

o 2 ncf 2 cf 2 no ■ f- ■ > o 2 ncf 2 cf 2 nnhoh —> 

<5° 

-N. -HF 

o 2 ncf 2 cf 2 n=noh-> o 2 ncf 2 cf 2 oh-> 

0 2 NCF 2 C0F lh ° > 0 2 NCF 2 C0 2 H (231) 

A condensation between an aromatic hydroxylamine and an 
aromatic nitroso compound leads to (an) azoxy compound(s) and 
may occur in acidic, neutral or basic solutions. From either p- 
chlorophenylhydroxylamine and nitrosobenzene or /i-chloronitroso- 
benzene and phenylhydroxylamine, a mixture of all possible (four) 
symmetrically and unsymmetrically substituted azoxybenzenes are 
formed 409 (equations 232, 233). Apparently an equilibrium between 
each nitroso and hydroxylamino compound is present. In the 
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condensation between nitrosobenzene and phenylhydroxylamine in 
/,-XC 6 H 4 NO + C 6 H 6 NHOH /,-XC 6 H 4 NHOH + C 6 H 6 NO (232) 

/)-xg 6 h 4 no />-X(; 6 h 4 nhoii o 

T 

+ ->• ArN=NAr (233) 

C l (i 1b NO CgHjNHOH (4 products) 

acid or neutral media, the rate is proportional to the concentration 
of each reactant and shows a variation with acid concentration. Two 
mechanisms proposed to fit the data 409 require (1) a reaction between 
free hydroxylamine and free nitrosobenzene in neutral media 
(equation 234) and (2) a condensation between phenylhydroxyl¬ 
amine and protonated nitrosobenzene in acidic media (equation 235). 
Either intermediate accounts for the rapid equilibration between 


C 6 H 5 NHOH 


c 6 h 5 no 


OH 

I 

> c 6 h 5 nh-ng 6 h 6 

o 


o 

t 

-* C 6 H 5 N=NC e H 5 (234) 


C,H,NHOH 


c„h 5 noh 


OH 

I 

> C.HJNH-NG.H, 


O 

T 

c 6 h 6 n=nc 6 h 6 


(235) 


OH 


substituted and unsubstituted nitroso and hydroxylamino com¬ 
pounds (equation 232) and for the loss of one-half of the isotope when 
one reactant 410 is labeled with O 18 . Each is consistent with the 
requirement for an intermediate with equivalent nitrogen atoms as 
demonstrated 411 with the condensation between phenylhydroxyl¬ 
amine and nitrosobenzene containing N 15 . In the latter example, 
azoxybenzene was monobrominated and reductively cleaved with 
the result that half of the isotope was found in aniline and half in 
/>-bromoaniline. 

Activation energies for corresponding condensations in acid or 
neutral media of nitrosobenzene with aniline (E a 5.83 kcal/mole) 
and phenylhydroxylamine ( E a 10.8 kcal/mole) and activation en¬ 
tropies (A S* —55.6 cal deg -1 mole" 1 for aniline and AS* —32.5 
cal deg -1 mole -1 (estimated) for phenylhydroxylamine) reveal a 
higher order of reactivity for the aniline-nitrosobenzene reaction in 
agreement with a greater basicity of aniline over phenylhydroxyl¬ 
amine [pfT a 5.804 for protonated aniline and 3.462 for protonated 
phenylhydroxylamine in methanol 394 at 25°]. 

In the presence of certain bases nitrosobenzene and phenyl¬ 
hydroxylamine rapidly produce quantitatively nitrosobenzene anion 
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radicals detected by esr. Second-order kinetics for the decay of the 
radical anions is consistent with the following rapid equilibrium for 
the condensation in basic solution 284 (equation 236). It is particularly 
interesting that the nitrosobenzene radical anion is slowly formed 
in a solution of azoxybenzene in dimethyl sulfoxide 50 % saturated 
with potassium hydroxide 284 . 

O- 

I 

2 C 0 H g NO“ C 6 H 5 N -NC 6 H 5 

_o 

O- 

—OH- 

G 8 H 6 N-NG 8 H 5 --> C 8 H 6 N=N(0)C 8 H 5 (236) 

OH 

Apparently an expected adduct is readily formed on mixing a 
monosubstituted or an unsymmetrically disubstituted hydrazine 
with an aromatic nitroso compound. Dehydration to a triazene either 
does not occur or is insignificant and the predominant reaction for 
the intermediate is an oxidation to a triazene-iV-oxide 412,413,414 
(equations 237, 238). A diarylamine is also produced in certain 

O OH 

C 6 H 6 NHNH 2 - C<lH|iNO > C 8 H 5 NH—N=NC 8 H 6 t : C 6 H 6 N=N—NC 8 H 5 (237) 

GH, CH„ O 

I C t H s NO I t 

C 8 H 5 NNH 2 > C 8 H 6 N—N=NC 6 H 5 (238) 

condensations between an arylhydrazine and an aromatic nitroso 
compound. From isotope labeling it has been shown that the amine 
nitrogen is generated from the nitroso group 415 . A possible explana¬ 
tion would require dehydrogenation to phenyldiimide and its 
decomposition to phenyl radicals. A diaryl nitroxide, produced by 
the combination of nitrosobenzene and phenyl, would then be 
reduced to a corresponding diaryl amine (equation 239). In support 

ArNO 

foftNAh G «'I 5 N-NH -> c 8 h 5 + n 2 + h 

ArNO — C<lH5 >- Ar—NO -—-> ArNH (239) 

c 6 h 5 g 6 h 5 

of the step requiring dehydrogenation, it is known that nitroso¬ 
benzene combines with hydrazobenzene to give azobenzene and 
phenylhydroxylamine 418 (equation 240). 


C 8 H 5 NO + (C 8 H 6 NH) 2 


> C 6 H 5 N=NC 8 H 5 + C 8 H 5 NHOH (240) 
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Scmicarbazidc combines with p-nitrosodimethylanilinc to give 
the expected triazenc-//-oxide 417 (equation 241) which is trans¬ 
formed into /;-dimcthylaminophcnol on hydrolysis. 

() 

H.NCONHNH. t H „SO. 

/,-ONC 6 H 4 N(CH 3 ) 2 -^ (CIl 3 ) 2 NCy i 4 N=N- NI-1CONH, -—-> 

(CH 3 ) 2 NC 6 H 4 OH + NH 3 + N 2 + CC) 2 (241) 

On mild heating in pyridine, chloramine-T reacts with nitroso- 
benzene to form an azoxysulfone 418 (equation 242) and may proceed 
either with the formation of an intermediate nitrene or by an 
addition and elimination sequence 418 . 

G a H 6 NO + ^-CH 3 C 6 H 4 S0 2 N(Na)Cl -> C 6 H 5 N=NS0 2 C 6 H 4 CH 3 (242) 

O 

T. Substitution Reactions in Aromatic Nitroso Compounds 

Substitution reactions of nitrosobenzene are unknown. Bromi- 
nation 349 and nitration 420 , which give jS-bromo- and jft-nitronitroso- 
benzene respectively, do not require ring-activation through electron 
release from the nitroso group since they may proceed with the 
formation of intermediate hydroxylamine derivatives. An explana¬ 
tion for the catalysis of the bromination reaction by hydrogen 
bromide requires the initial formation of A-bromophenylhydroxyl- 
amine 349 (equation 243). In the absence of more definitive information 
a similar explanation based on the intermediacy of a phenylhydroxyl- 
amine derivative in the nitration reaction should be questioned. 
The reaction is carried out in carbon tetrachloride containing 
phosphorous pentoxide with dinitrogen pentoxide as the nitrating 
agent. 

HBr 

CgHgNO -> C 6 H 6 N (OH) Br -> />BrC 6 H 4 NHOH - > 

—HBr 

pLW C 6 H 4 N(OH)Br -> pBr C 6 H 4 NO (243) 

As an activator in nucleophilic displacement reactions of certain 
aromatic compounds, the nitroso group is more effective than the 
nitro group. In boiling sodium hydroxide solution 2,4-dinitro- 
dimethylaniline is barely attacked whereas />-nitrosodimethy 1 ani 1 inc 
is hydrolyzed to give nearly quantitative yields of dimethylamine 
and quinone monoxime 249 . Extension of this reaction to other 
/)-nitroso-A,iV-dialkylanilines provides an important preparative 
method for pure secondary amines. Displacement of the alkoxy 
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group in an alkyl ether of jb-nitrosophenol may occur in a similar 
manner on treating the ether with a primary aromatic amine in the 
presence of acid 421 (equation 243a) but jfr-nitrosophenol undergoes 
more complex changes. In the presence of aniline, it is transformed 

ArNH,+ 

/>-ONC 6 H 4 OR 3 > /)-ONG 6 H 4 NHAr (243a) 

™ IvOrig 

into ^-hydroxyazobenzene in acetic acid medium, into azopbenine 
(cf. equation 229) in hydrochloric acid and into an indoaniline in 
strong sulfuric acid. A greater reactivity of />bromonitrosobenzerie 
in comparison with /j-bromonitrobenzcne toward silver nitrate has 
been described also as an illustration of the electron withdrawing 
power of the nitroso group 249 . 

Dipole moments and base-strengths provide additional evidence of 
the electron-withdrawing capacity of the nitroso group. The dipole 
moment of 3.2 d for nitrosobenzene is reduced to 0.84 d for 
/i-nitronitrosobenzene 422 . The large value of 6.9 d for /;-nitrosodi- 
methylaniline which exceeds the vector sum, 4.8 d, of the moments 
of dimethylaniline and nitrosobenzene has been ascribed to a 
contribution from a zwitterionic structure, cf. IIIC, where the 
zwitteroin itself would be expected to have a dipole moment in 
the order of 30 d 423 . 

The zwitterionic structure for /;-nitrosodimethylaniline may 
account for its otherwise unpredictably high base strength (pff a 4.0 424 
which is about one pA unit lower than that of N, N-di methylaniline 
(pA a 5.15) 425 . In marked contrast j&-nitroaniline (pA a 1.11) is a 
weaker base than aniline (p K a 4.62) 425 by over three pA units 426,427 . 

Resonance between the nitroso group and an attached aromatic 
ring would be reflected in a shortening of the C-nitroso bond. In 
jfr-iodonitrosobenzene this has been demonstrated in a G-nitroso 
bond of 1.28 a appreciably shorter than the G—N bond of 1.49 a in 
aliphatic amines 428 . 

U. Cleavage of C-Nitroso Bond 

It has been suggested that initial nitrosation at carbon is reversible 
in nitrosative decarboxylation (equation 35) and that mineral acid 
may replace the nitroso group in a nitrosotoluene with hydrogen 
(equation 203). There are several other reactions in which cleavage 
of the G-nitroso bond occurs readily. Geminal dihalides may be 
prepared from corresponding nitrosochlorides and chlorine 118 
(equation 244). At room temperature dimethylaniline in ether 
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replaces the nitroso group in perfluoro 2-nitroso-2-methylpropane 
with hydrogen 118 (equation 245). 

Cl 

(CF 3 ) 2 C(NO)Cl —(CF 3 ) 2 GG1 2 (244.) 


(cf 3 ) 3 cno 


c„h,n(ch 3 ). 


n(ch 3 ) 2 

> (CF 3 ) 3 CH + (Q) 
NO, 


(245) 


Pyrolysis of trifluoronitrosomethane and of pentafluoronitroso- 
ethane has been assumed to proceed with initial cleavage of the 
C-nitroso bond 429 (equations 246, 247). It should be noted that a 

300 ° 

CF 3 NO -> NO + CF 3 


(246) 

(Products isolated: (CF 3 ) 2 NOCF 3 , CF 3 N0 2 , CF g =—NF, CF 2 NF and COF 2 ) 


150 ° 

GF 3 GF 2 NO -> NO + CF 3 CF 2 (247) 

(Products isolated: CF 3 N0 2 , CF 3 N=NCF 3 , (CF 3 ) 2 NF, CF 4 , COF 2 and nitrogen oxides) 


molecular rearrangement is apparently required for the formation 
of the product, hexafluorodimethylamine, in the latter reaction. A 
similar cleavage in the mass spectrometer leads to the formation of 
the nitrosyl cation (NO+) 429 . Pyrolysis of geminal nitrosocyanides 
also proceeds with initial cleavage of the C-nitroso bond 439 (equa¬ 
tion 248). 

reflux in 


R 2 C(NO)CN 


CfiH 6 GH 3 > 


/R 2 C—\—NO—CR 2 
\ CN / 2 GN 


(248) 


The reversible photochemical dimerization of perfluoronitroso- 
alkanes cf. III.A, provides a classical example of the photolytic 
cleavage of the C-nitroso bond. In another example it is presumed 
that perfluoronitrosoethylene is initially formed in the irradiated 
mixture of perfluoroiodoethylene and nitric oxide which gives 
decomposition products 431 (equation 249). Irradiation of nitrosyl 
cyanide brings about dissociation into nitric oxide and cyanogen 
radicals 432 . Further discussion of the photolytic cleavage of the 
C-nitroso bound is presented in Chapter 4. 

NO 

CF» -GFl->■ GF 2 —CFNO ->- F 2 CO + FCN + N 2 + N0 2 (249) 

hv 


V. Pyrolytic and Photolytic Disproportionations 

Bamberger first proposed that nitroso compounds may dispro¬ 
portionate with the simultaneous formation of a hydroxylamine and 
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a nitro compound. On this basis he explained the formation of 
azoxybenzene, nitobenzene, aniline, o- hydroxyazobenzene, o- 
hydroxyazoxybenzene, hydroquinone, /v-hydroxyazoxybcnzcne and 
other products on exposing nitrosobenzene in benzene to sunlight. 
The same reaction (s) occur (s) more slowly in the dark or on heating 
nitrosobenzene in petroleum ether 4 *®. 

Disporportionation may lead directly to the formation of an azoxy . 
and a nitro compound, the products obtained from both pyrolysis 
and photolysis of /3-nitroperfluoronitrosoethane 434 (equation 250). 
Photolysis transforms methyl o-nitrosobenzoate into the correspond- 

125°; 8 hr. 
no On 

0 2 NCT 2 CT 2 N0 -- 2 > (0 2 NCF 2 ) 2 + (0 2 NCF 2 CF 2 ) 2 N 2 0 (250) 

or hv , 17 hr. 

ing azoxy compound through an intermediate claimed to be the 
three-membered ring isomer of the azoxy compound 182 (equation 
251). Methyl nitrobenzoate was not reported. 



W. Miscellaneous Reactions of Nitroso Compounds 

1. Conjugate addition 

Piperidine adds in the 1,4-manner to a,/J-unsaturated nitroso- 
alkenes 436 (equation 252). 

(CH„) 5 NH 

ArCH=CHNO -— >■ ArCHGH=NOH (252) 

I 

N(GH 2 ) 5 

2. Fragmentation 

On formation trihydroxymethylnitrosomethane dissociates into 
the oxime of dihydroxyacetone and formaldehyde 129 . An appealing 
explanation calls for a redistribution of electrons in a cyclic transition 
state (equation 253) from which formaldehyde is eliminated. The 
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reaction is reminiscent of decarboxylation of a-nitrosocarboxylic 
acids, cf. II. J. 


CH 2 

(hoch 2 ) 2 c/j - ch 2 o ^ 


(HOCH 2 ) 2 C=NOH 


(253) 


3. Reactions promoted by the presence of nitrosobenzene 

Trimerization of phenyl isocyanide gives the dianil of l-aza-3,4- 
naphthoquinone 436 (equation 254). 


SCHENC - C ° H|iNO > 



(254) 


In the presence of nitrosobenzene, ethyl o-nitrophenylpropiolate 
undergoes isomerization with ring-closure 437 (equation 255). 


o 


|y^c=cco 2 c 2 H 5 c,h,no ^ 


^Jno 2 




(255) 


\ 

O 


IV. REFERENCES 

1. P. A. S. Smith, Open-chain Nitrogen Compounds, Vol. 2, W. A. Benjamin, Inc., New 
York, 1966, Chap. 13, pp. 355-390. 

2. W. Schlenk, L. Mair and G. Bornhardt, Chem. Ber., 44, 1169 (1911). 

3. H. E. de la Mare and W. E. Vaughan, J. Chem. Ed., 34, 10 (1957). 

4. J. G. Calvert, S. S. Thomas and P. L. Hanst, J. Am. Chem. Soc., 82, 1 (1960). 

5. H. T. J. Chilton and B. G. Gowenlock, J. Chem. Soc., 1954, 3174. 

6. M. I. Christie and J. S. Frost, Trans. Faraday Soc., 61, 468 (1965). 

7. M. I. Christie, J. S. Frost and M. A. Voisey, Trans. Faraday Soc., 61, 674 (1965). 

8. J. M. Birchall, A. J. Bloom, R. N. Haszeldine and C. J. Willis, Proc. Chem. Soc., 
1959, 367 J. Chem. Soc., 1962, 3021. 

9. A. Henglein, Angew. Chem., 72, 603 (1960). 

10. H. Metzger and E. Muller, Chem. Ber., 90, 1179 (1957). 

11. L. Errede and J. M. Hoyt, J. Am. Chem. Soc., 82, 436 (1960). 

12. C. E. Griffin and R. N. Haszeldine, Proc. Chem. Soc., 1959, 369. 

13. J. D. Park, A. P. Stefani, G. H. Crawford and J. R. Lacher, J. Org. Chem., 26, 3316 
(1961). 

14. P. Tarrant and J. Savory, J. Org. Chem., 28, 1728 (1963). 

15. J. F. Brown, Jr., J. Am. Chem. Soc., 79, 2480 (1957). 




288 


J. H. Boyer 


16. L. V. Phillips and D. M. Coyne, J. Org. Chem., 29, 1937 (1964). 

17. Robert E. Foster, U.S. Pat., 3, 118, 927; Chem. Abstr., 61, 4228 (1964). E. B. 
Huntley, J. M. Kruse and J. W. Way, U.S. Pat., 3, 141, 902; Chem. Abstr., 61, 
9408 (1964). C. Arnold, Jr., J. M. Kruse and E. L. Reilly, U.S. Pat., 3, 157, 688; 
Chem. Abstr., 62, 2714 (1965). 

18. M. I. Christie, J. M. Collins and M. A. Voisey, Trans. Faraday Soc., 61, 462 (1965). 

19. A. M. Tarr, O. P. Strausz and H. E. Gunning, Trans. Faraday Soc., 61, 1946 (1965). 

20. N. Basco and R. G. W. Norrish, Proc. Roy. Soc. Ser. A., 283, 291 (1965). 

21. J. P. Galvin and H. O. Pritchard, J. Phys. Chem., 68, 1035 (1964). 

22. L. G. Donaruma, J. Org. Chem., 23, 1338 (1958). 

23. P. Baumgartner and C. Roux-Guerraz, Fr. Pat., 1, 376, 475; Chem. Abstr., 62, 5197 
(1965). 

24. E. Perrotti, M. Lanzoni, G. Daniele and M. De Malde, Ann. Chim. {Rome), 55, 485 
(1965). 

25. P. R. Hills and R. A. Johnson, Intern. J. Appl. Radiation and Isotopes 12, Nos. 3/4, 
80 (1961). 

26. P. Gray, Chem. and Ind. (London), 1960, 120; P. Gray and P. Rathbone, Proc. Chem. 
Soc., 1960, 316. 

27. G. R. McMillan, J. G. Calvert and S. S. Thomas, J. Phys. Chem., 68, 116 (1964). 

28. M. S. Kharasch, T. H. Meltzer and W. Nudenberg, J. Org. Chem., 22, 37 (1957). 

29. Teijin Ltd., Neth. Appl. 6, 500, 271; CW Abstr., 64, 1981 (1966). 

30. S. Andreades, J. Org. Chem., 27, 4157 (1962). 

31. P. Kabasakalian and E. R. Townley, J. Org. Chem., 27, 2918 (1962). 

32. O. Chapman, 151 sf Meeting American Chemical Society, Pittsburgh, March, 1966, 
Abstracts K 31. 

33. P. Kabasakalian and E. R. Townley, J. Am. Chem. Soc., 84, 2711 (1962). 

34. D. H. R. Barton, J. M. Beaton, L. E. Geller and M. M. Pechet, J. Am. Chem. Soc., 
82, 2640 (1960). 

35. M. Akhtar and M. M. Pechet, J. Am. Chem. Soc., 86, 265 (1964). 

36. H. A. Brown, N. Knoll and D. E. Rice, U.S. Dept. Com., Office Tech. Serv., AD 418, 
638 (1962); Chem. Abstr., 60, 14709 (1964). 

37. R. N. Haszeldine and J. Jander, J. Chem. Soc., 1953, 4172. 

38. J. D. Park, U.S. Pat., 3, 162, 590; Chem. Abstr., 62, 9010 (1965). R. N. Haszeldine, 
R. E. Banks and N. McCreath, Brit. Pat., 1, 014, 221; Chem. Abstr., 64, 8033 (1966). 

39. G. H. Crawford, D. E. Rice and D. R. Yarian, U.S. Pat., 3, 192, 246; Chem. Abstr., 
63, 8206 (1965). D. E. Rice and G. H. Crawford, J. Org. Chem., 28, 872 (1963). 

40. H. Sutcliffe, J. Org. Chem., 30, 3221 (1965). 

41. O. Baudisch, Science, 92, 336 (1940). G. Cronheim, J. Org. Chem., 12, 1,7,20 (1947). 

42. A. Baeyer and H. Caro, Chem. Ber., 7, 809, 963 (1874). 

43. R. Adams and G. H. Coleman, Org. Syntheses Coll. Vol. I, 2nd ed., 214 (1941). 

44. T. C. van Hoek, P. E. Verkade and B. M. Webster, Rec. trav. Chim., 77, 559 (1958). 
L. A. Walker, J. J. D’Amico and D.1D. Mullins, J. Org. Chem., 27, 2767 (1962). 
P. Friedlander, Monatsh., 19, 627 (1898). W. J. Hickinbottom, J. Chem. Soc., 1933, 
946. R. C. Fuson, Reactions of Organic Compounds, John Wiley, New York, 1962, 1962, 

p. 106. 

45. C. Cloez, Compt. rend., 124, 898 (1897). 

46. J. J. D’Amico, C. C. Tung and L. A. Walker, J. Am. Chem. Soc., 81, 5957 (1959). 

47. B. A. Porai-Koshits,-E. N. Sof’ina and I. Ya. Kvitko, Zh. Obshch. Khim,, 34, 2094 
(1964). Chem. Abstr., 61, 6990 (1964). 


Formation of the Nitroso Group and Its Reactions 


289 


48. J. Limpricht, Ann. Chem., 307, 305 (1899). 

49. P. W. Neber and H. Rauscher, Ann. Chem., 550, 182 (1942). J. Glazer, E. D. 
Hughes,, G. K. Ingold, A. T. James, G. T. Jones and E. Roberts, J. Chem. Soc., 
1950, 2657. 

50. B. A. Porai-Koshits, Reaktsionnaya Sposobnost Organ. Soedin., Tartusk. Gos. Univ., 1, 
204 (1964). Chem. Abstr., 62, 7606 (1965). 

51. J. Willenz, J. Chem. Soc., 1955, 1677. 

52. O. Fischer and E. Diepolder, Ann. Chem., 286, 145 (1895). 

53. J. Houben, W. Brassert and L. Ettinger, Chem. Bet., 42, 2745 (1909). 

54. Leopold Casella and Go., Ger. Pat., 176, 046; Chem. Abstr., 1, 1206 (1907). 

55. M. Busch and H. Kunder, Chem. Ber., 49, 317 (1916); M. Busch and S. Schaffner, 
Chem. Ber., 56, 1612 (1923). 

56. H. U. Deaniker, Helv. Chim. Acta, 47, 33 (1964). 

57. L. Blangey, Helv. Chim. Acta, 21, 1579 (1938). 

58. W. Pfleiderer and H. Walter, Ann. Chem., 677, 113 (1964). 

59. T. Talik and Z. Talik, Roczniki Chem., 37, 75 (1963). 

60. E. Kremers, N. Wakerman andR. Hixon, Org. Syntheses Coll. I, 2nd ed., 511 (1941). 
G. S. Marvel and P. K. Porter, ibid. 411. 

61. K. M. Ibne-Rasa, J. Am. Chem. Soc., 84, 4962 (1962). 

62. W. R. Orndorff and M. L. Nicholls, J. Am. Chem. Soc., 45, 1538 (1923). R. Benedikt, 
Chem. Ber., 11, 1375 (1878). 

63. A. Kraus, Monatsh., 12, 371 (1881). 

64. R. A. Henry, J. Org. Chem., 23, 648 (1958). 

65. D. A. Akhmedzade, V. D. Yasnopol’ski, M. M. Kerimova and E. A. Krasnosel’- 
skaya, Zh. Prikl. Khim., 37, 228 (1964); Chem. Abstr., 60, 9164 (1964). 

66. K. Smeykal, W. Pritzkow. G. Mahler, K. Krestschmann and E. Ruehlmann, 
J. Prakt. Chem., 30, 126 (1965). 

67. R. D. Erlikh and A. I. Korolev, Probl. Organ. Sinteza , Akad. Nauk. SSSR Otd., Obshch. 
i Tekhn. Khim., 1965, 61; Chem. Abstr., 64, 6485 (1966). 

68. E. F. J. Duynstee and M. E. A. H. Mevis, Rec. Trav. Chim., 85, 373 (1966). 

69. W. Lang and W. Ziegenbein, Ger. Pat., 1, 190, 458; Chem. Abstr., 63, 2909 (1965). 

70. K. Smeykal, W. Pritzkow, G. Mahler, K. Kretschmann, H. Nitzer, W. Roesler and 
P, Rudloff, Z. Chem., 5, 368 (1965). 

71. R. B. Woodward and W. E. Doering, J. Am. Chem., Soc., 67, 860 (1945). 

72. M. M. Labes, J. Org. Chem., 24, 295 (1959). 

73. Y. Ogata, Y. Furuya and M. Ito, J. Am. Chem. Soc., 85, 3649 (1963). Y. Ogata, 
Y. Furuya and M. Ito, Bull. Chem. Soc. Japan, 37, 1414 (1964); Chem. Abstr., 62, 
1532 (1965). 

74. A. Nenz and G. Ribaldone, Chim. Ind. (Milan), 48, 142 (1966). 

75. A. Bruckner and F. Ruff, Acta Chim. Acad. Sci. Hung., 32, 129 (1963); Chem. Abstr., 59, 
13854 (1963). 

76. G. Belzecki, Bull. Acad. Polon. Sci., Ser. Sci. Chim., 11, 129 (1963); Chem. Abstr., 59, 
15199 (1963). 

77. Y. Kurihara and K. Yamagishi, Bull. Chem Soc. Japan. 38, 1327 (1965); Chem. 
Abstr., 63, 14750 (1965). 

78. J. F. Herber, U.S. Pat., 3, 106, 575; Chem. Abstr., 60, 2803 (1964). B. F. Ustrav- 
shchikov, V. A. Podgornova, N. V. Dormidontova and M. I. Farberov, Neftek- 
himiya, 5, 873 (1965); Chem. Abstr., 64, 7981 (1966). E. F. Schoenbrunn and J. H. 
Gardner, J. Am. Chem. Soc., 82, 4905 (1961). 



290 


J. H. Boyer 


79. S. Fumasoni, G. Giacobe, R. Martinelli and G. Schippa, Chim. Ind. (Milan), 47, 
1064 (1965); Chem. Abstr., 64, 6472 (1966). 

80. D. Klamann, W. Koser, P. Weyerstahl and M. Fligge, Chem. Ber ., 98, 1831 (1965), 

81. Y. L. Chow, Can. J. Chem., 43, 2711 (1965). 

82. K. A, Ogloblin and D. M. Kunovskaya, Z h. Organ. Khim., 1, 1713b(1965); Chem. 
Abstr., 64, 3343 (1966). This is a recent reference in a lengthy series of papers 
published by K. A. Ogloblin and coworkers since 1961. 

83. B. L. Dyatkin, R. A. Bekker, Yu. S. Konstantinov and I. L. Knunyants, Dokl. Akad. 
Nauk SSSR., 165, 1305 (1965); Chem. Abstr., 64, 9581 (1966). This is a leading 
reference for several other papers published by I. L. Knunyants and coworkers. 

84. J. Meinwald, Y. G. Meinwald and T. N. Baker, III, J. Am. Chem. Soc., 85, 2513 
(1963); 86, 4074 (1964). 

85. M. Ohno, M. Okamoto and K. Nukada, Tetrahedron Letters , 1965, 4074. 

86. M. A. Samartsev and K. A. Ogloblin, Zh. Obshch. Khim., 34,361 (1964); Chem. 
Abstr., 60, 10560 (1964). 

87. T. Beier, H. G. Flanthal and W. Pritzkow, J. Prakt. Chem., 26, 304 (1964). 

88. J. D. Park, A. P. Stefani and J. R. Lacher, J. Org. Chem., 26, 4017 (1961). 

89. D. Klamann, M. Fligge, P. Weyerstahl and J. Kratzer, Chem. Ber., 99, 556 (1966). 

90. W. Pritzkow, H. Schaefer, P. Pabst, A. Ebenroth and J. Beger, J. Prakt. Chem., 29, 
123 (1965). 

91. R. D. Shrivastava and S. S. Deshapande, Proc. Natl. Inst. Sci. India, Pt. A. 31, 180 
(1965); Chem. Abstr., 64, 6696, 9770 (1966). 

92. W. R. Miller, E. H. Pryde, J. C. Cowan and H. M. Teeter, J. Am. Oil Chemists Soc., 
42, 713 (1965). 

93. J. Schmidt and F. Leipprand, Chem. Ber., 37, 532 (1904). 

94. F. Henrich, Chem. Ber., 35, 4191 (1902). 

95. F. Angelico and E. Calvello, Gazz. chim. ital., 34, I, 38 (1904). 

96. A. Angeli and G. Marchetti, Alii reale accad. Lincei, [5] 16, I, 381 (1909). W. Made- 
lung, Ann. Chem., 405, 58 (1914). 

97. E. T. Borrow, D. O. Holland and J. Kenyon, J. Chem. Soc., 1946, 1075. 

98. P. E. Verkade, J. Lieste and E. G. G. Werner, Rec. trav. chim., 64, 289 (1945). 

99. G. Gusmano and S. Didonna, Gazz. chim. ital., 85, 208 (1955). 

100. O. Touster, in Organic Reactions, Vol. 7 (Ed. R. Adams), John Wiley and Sons, 
New York, 1953, pp. 327-377. 

101. E. Muller and H. Metzger, Chem. Ber., 89, 396 (1956). 

102. B. Oddo, Gazz. chim. ital., I 39, 659 (1909). 

103. L. I. Smith and F. L. Taylor, J. Am. Chem. Soc., 57, 2460 (1935). 

104. J. M. Kauffman, J. Green, M. S. Cohen, M. M. Fein and E. L. Cottrill, J. Am. 
Chem. Soc., 86, 4210 (1964). 

105. P. W. K. Flanagan, U.S. Pat., 3, 205, 273; Chem. Abstr., 63, 17899 (1965). 

106. Z. Yoshida, T. Ogushi, O. Manabe and H. Hiyama, Tetrahedron Letters, 1965, 753. 

107. E. Robson and J. M. Tedder, Proc. Chem. Soc., 1963, 13. 

108. O. Piloty and A. Stock, Chem. Ber., 35, 3093 (1902). 

109. E. Muller, H. Metzger and D. Fries, Chem. Ber., 87, 1449 (1954). 

110. E. Muller, D. Fries and H. Metzger, Chem. Ber., 88, 1891 (1955). 

111. A. E. Kretov, E. A. Abrazhamova and S. I. Zlotschenko, Zh. Obshch. Khim., 31, 
4043 (1961); Chem. Abstr., 57, 8467 (1962). 

112. D. C. Iffland and G. X. Griner, J. Am. Chem. Soc., 75, 4047 (1953). 

113. H. Rheinboldt and M, Dewald, Ann. Chem., 460, 305 (1928). 


Formation of the Nitroso Group and Its Reactions 


291 


114. Ref. 1, p- 362. 

115. M. Kosinski, Lodz. Towarz. Nauk., Wydzial III, Acta Chim., 9, 93 (1964); Chem. 
Abstr., 62, 11674 (1965). 

116. J. H. Boyer in Heterocyclic Compounds, Vol. 7 (Ed. R. G. Elderfield), John Wiley 
and Sons, New York, 1961, pp. 463-522. 

117. T. P. Raikova, Chem. Ber., 62, 1626 2142 (1929). 

118. B. L. Dyatkin, A. A. Gevorkyan and I. L. Knunyants, Izv. Akad. Nauk SSSR., 
Ser. Khim., 1965, 1873. Chem. Abstr., 64, 1944 (1966). 

119. J- S. Davidson and G. Eglinton, J. Chem. Soc., 1962, 3833. 

120. L. W. Kissinger and H. E. Ungnade, J. Org. Chem., 23, 1517 (1958). 

121. A. Angeli, F. Angelico and F. Scurti, Gazz. Chim. ital., 33, II, 296 (1903). 

122. J. P. Freeman, J. Am. Chem. Soc., 82, 3869 (1960). 

123. D. G. Iffland and G. X. Criner, Chem. and Ind. (London), 1956, 176. 

124. E. H. White and W. J. Considine, J. Am. Chem. Soc., 80, 626 (1958). 

125. D. G. island and E. Cerda, J. Org. Chem., 28, 2769 (1963). 

126. B. G. Gilbert and R. O. C. Norman, J. Chem. Soc. Phys., Org., 1966, 86; J. W. Lown, 
J. Chem. Soc., Phys. Org., 1966, 441. 

127. E. Urbschat and P. E. Frohberger, Ger. Pat., 1, 001, 997; Chem. Abstr., 54, 1423 
(1960). 

128. G. H. Coleman, C. M. McCloskey and F. Stuart, Organic Syntheses Coll. Vol. Ill, 
668 (1955). 

129. O. Piloty and I. Ruff, Chem. Ber., 30, 1656 (1897). 

130. C. J. W. Gutch and W. A. Waters, Proc. Chem. Soc., 1964, 230. 

131. J. Armand and R. M. Minville, Compt. rend., 260, 2512 (1965). 

132. T. Emery and J. B. Neilands, J. Org. Chem., 27, 1075 (1962). 

133. O. Wichterle, V. Gegor, A. Dubansky and V. Seidl, Coll. Czech. Chem. Comm., 24, 
1158 (1959); Chem. Abstr., 53, 11384 (1959). 

134. E. Bamberger and A. Rising, Ann. Chem., 316, 292 (1901). 

135. W. Borsche and E. Feske, Chem. Ber., 59, 818 (1926). 

136. B. L. Dyatkin, E. P. Mochalina and I. L. Knunyants, Izv. Akad. Nauk SSSR., Ser. 
IChim, 1965, 1715; Chem. Abstr., 63, 17882 (1965). 

137. M. J. Danzig, R. F. Matrel and S. R. Riccitiello, J. Org. Chem., 25, 1071 (1960). 

138. E. Bamberger and A. Rising, Chem. Ber., 33, 3623 (1901). 

139. E. Bamberger and F. Tschirner, Chem. Ber., 31, 1522 (1898). 

140. E. Bamberger and F. Tschirner, Chem. Ber., 32, 342 (1899). 

141. I. Okamura, R. Sakurai and T. Tanabe, Chem. High. Polymers (Japan), 9, 279 
(1952); Chem. Abstr., 38, 4235 (1954). 

142. K. Kahr and C. Berther, Chem. Ber., 93, 132 (1960). 

143. W. D. Langley, Org. Syntheses, Coll. Vol. Ill, 334 (1955). 

144. E. Bamberger and R. Seligman, Chem. Ber., 36, 685 (1903). 

145. E. Bamberger and R. Hubner, Chem. Ber., 36, 3803 (1903). 

146. E. Bamberger and R. Hubner, Chem. Ber., 36, 3827 (1903). 

147. J. G. Gain, J. Chem. Soc., 95, 714 (1909). F. Leuchs, Chem. Ber., 40, 1083 (1907). 

148. N. Kornblum, R. J. Clutter and W. J. Jones, J. Am. Chem. Soc., 78, 4003 (1956). 

149. R. Hubner, Chem. Ber., 35, 731 (1902). 

150. E. Boyland and D. Manson, J. Chem. Soc., 1957, 4689. 

151. H. Kumagi, Nippon Igaku Hoshasen Gakkai Zasshi, 21, 971 (1962); Chem. Abstr., 62, 
160 (1965). 

152. E. Bamberger and N. Vuk, Chem. Ber., 35, 703 (1902). 


292 


J. H. Boyer 


153. E. Fischer, Chem. Ber., 29, 2662 (1896). 

154. H. Ito, Ghent. Pharm. Bull., 12, 326 (1964); Chem. Abstr., 60, 15703 (1964). 

155. G. Heller, J.prakt. Chem., 77, 166 (1908). 

156. A. H. Riebel, R. E. Erickson, G. J. Abshire and P. S. Bailey, J. Am. Chem. Soc., 82, 
1801 (1960). 

157. J. S. Belew and J. T. Person, Chem. and Ind., (London), 1959, 1246. 

158. J. A. Young, S. N. Tsoukalas and R. D. Dresdner, J. Am. Chem. Soc., 82, 396 
(1960). 

159. O. Dieffenbach, Ger. Pat., 192, 519; Chem. Abstr., 2, 1765 (1908). 

160. T. Zerevitinov and I. Ostromisslenski, Chem. Ber., 44, 2402 (1911). 

161. J. Meisenheimer, Chem. Ber., 36, 4174 (1903). 

162. Kalle and Go., Ger., Pat., 194, 811; Chem. Abstr., 2, 2304 (1908). 

163. W. M. Lauer, M. M. Sprung and G. M. Langkamerer, J. Am. Chem. Soc., 58, 225 
(1936). 

164. M. F. Abidova, V. K. Pitsaris, A. S. Sultanov and L. Kh. Freidlin, Uzbelksk. Khim. 
Zh., 7, 60 (1963); Chem. Abstr., 59, 5049 (1963). 

165. L. A. Errede and H. R. Davis, J. Org. Chem., 28, 1430 (1963). 

166. J. Meisenheimer and E. Hesse, Chem. Ber., 52, 1173 (1919). J. Meisenheimer and 
E. Patzig, Chem. Ber., 39, 2526 (1906). 

167. J. Meisenheimer, Ann. Chem., 323, 205 (1902). 

168. A. Wohl and W. Aue, Chem. Ber., 34, 2442 (1901). A. Wohl, Chem. Ber., 36, 4135 
(1903). 

169. I. J. Rinks, Chem. Weekblad, II, 1961 (1914). 

170. S. Kobayashi and Y. Aoyama, Japan Pat. 4329; Chem. Abstr., 49, 4712 (1955). 

171. W. P. Norris, J. Am. Chem. Soc., 81, 4239 (1959). 

172. E. Koemer, V. Gustorf and M. J. Jun, Z. Natuforsch., 20b, 521 (1965). 

173. E. Bamberger and R. Hubner, Chem. Ber., 36, 3822 (1903). 

174. R. Neitzki and R. Dietschy, Chem. Ber., 34, 55 (1901). 

175. C. Willgerodt, Chem. Ber., 24, 592 (1891). 

176. G. Ciamician and P. Silber, Chem. Ber., 34, 2040 (1901). 

177. J. A. Berson and E. Brown, J. Am. Chem. Soc., 77, 447 (1955). 

178. P. Karrer, Chem. Ber., 47, 1783 (1914). 

179. F. Sachs and R. Kempf, Chem. Ber., 35, 2715 (1902). 

180. F. A. Lucy and R. A. Leighton, J. Chem. Phys., 2, 760 (1934). 

181. P. Coppers and A. J. Tench, U.S. At. Energy Comm. BNL-6191 (1961); Chem. Abstr., 
60, 14356 (1964). 

182. H. Mauser and H. Heitzer, Z. Naturforsch., 21, 109 (1966). 

183. M. Rosenblum, J. Am. Chem. Soc., 82, 3793 (1960). 

184. K. M. Ibne-Rasa and E. Koubak^.7. Org. Chem., 28, 3240 (1963). 

185. G. Heller, Chem. Ber., 39, 2339 (1906). G. Heller and H. S. Mayer, Chem. Ber., 39, 
2334 (1906). 

186. R, F. Stockel, J. G. Oppelt and V. Arendt, J. Chem. Educ., 43, 144 (1966). 

187. W. B. Dickinson, J. Am. Chem. Soc., 86, 3580 (1964). 

188. P. A. S. Smith and G. E. Hein, J. Am. Chem. Soc., 82, 5731 (1960). 

189. M. F. Hawthorne, J. Am. Chem. Soc., 79, 2510 (1957). 

190. E. E. Van Tamelen and R. J. Thiede,./. Am. Chem. Soc., 74, 2615 (1952). 

191. I. L. Knunyants, A. V. Fokin, V. S. Blagoveshchenskii and Yu. M. Koryrev, 
Dokl. Akad. NaukSSSR „ 146, 1088 (1962); Chem. Abstr., 58, 7840 (1963). R. L. Heath 
and J. D. Rose, J. Chem. Soc., 1947, 1485. 


Formation of the Nitroso Group and Its Reactions 


293 


192. J- Meisenheimer and E. Patzig, Chem. Ber., 39, 2532 (1906). 

193 . C. E. Griffin, N. F. Hepfinger and B. L. Shapiro, J. Am. Chem. Soc., 85, 2683 (1963). 

194 . S. P- Makarov, V. A. Shpanskii, V. A. Ginsburg, A. I. Shchekotikhin, A. S. Filatov, 
L. L. Martynova, I. V. Pavlovskaya, A. F. Golovaneva and A. Ya. Yakubovich, 
Dokl. Akad. Nauk. SSSR., 142, 596 (1962); Chem. Abstr., 57, 4528 (1962). 

195. E. Bamberger, Chem. Ber., 27, 1182 (1894). 

196 . H. Shi.ndo and B. Umezawa, Chem. Pharm.Bull. (Tokyo), 10, 492 (1962); Chem. 
Abstr. 57, 14598 (1962). 

197 . A. H. Blatt, J. Org. Chem., 15, 869 (1950). 

198. H. Goldner, G. Dietz and E. Garstens, Ann. Chem., 692, 134 (1966). 

199. C. Ulpiani and G. A. Rodano, Gazz. chim. ital., 36, II, 81 (1906). J. Schmidt, 
Chem. Ber., 33, 871 (1900). 

200. M. Ruccia, Atti Accad. Sci. Letters Acti Palermo, 20, 21 (1959); Chem. Abstr., 58, 
5657 (1963). 

201. W. A. Freman, D. L. Pain and R. Chelsea, U.S. Pat., 2, 831, 866; Chem. Abstr., 52, 
15595 (1958). 

202. Laboratoires Lumiere and Institut Merieux, Fr. Pat., 1, 364, 734; Chem. Abstr., 62, 
572 (1965). 

203. R. P- Kapoor, K. C. Gupta and S. M. Gupta, Agra Univ. J. Research, 10, 1 (1961); 
Chem. Abstr., 58, 2442 (1963). 

204. W. Kirmse, Naturwiss., 46, 379 (1959). 

205. O. L. Chapman and D. C. Heckert, Chem. Commun., 1966, 242. 

206. E. Bamberger and L. Storch, Chem. Ber., 26, 471 (1893). 

207. F. Jung, Biochem. Z., 305, 248 (1940). 

208. M. Kiese, Arch. Exptl. Pathol. Pharmakol., 245, 484 (1963); Chem. Abstr., 60, 3384 
(1964). M. Kiese and G. Rennev. Arch. Exptl. Pathol. Pharmakol., 246, 163 (1963); 
Chem. Abstr., 60, 9703 (1964). 

209. H. Uehleke, Naturwiss., 50, 335 (1963). 

210. N. J. Cartwright and R. B. Clin, Biochem. J., 73, 305 (1959). 

211. A. Ballio, S. Barcellona, E. B. Chain, A. Tonolo and L. Vero-Barcellona, Proc. Roy. 
Soc. (London), 161, 384 (1964). 

212. E. B. Wilson, J. Am. Chem. Soc., 56, 747 (1934). 

213. W. Theilacker, A. Knop and H. Uffmann, Angew. Chem., 77, 717 (1965). 

214. H. T. J. Chilton, B. G. Gowenlock and J. Trotman, Chemistry and Industry (London), 
1955, 538. B. G. Gowenlock and J. Trotman, J. Chem. Soc., 1955, 419; 1956, 1670. 

215. Ref. 1, pp. 356-361. 

216. C. Darwin and D. Hodgkin, Nature, 166, 827 (1950). C. P. Fenimore, J. Am. Chem. 
Soc., 72, 3226 (1950). M. Van Meersche and G. Germain, Bull. soc. chim. Beiges, 68, 
244 (1959). H. Dietrich and D. C. Hodkin, J. Chem. Soc., 1961, 3686. 

217. H. Meister, Ann. Chem., 679, 83 (1964). 

218. N. V. Sidgwick, The Organic Chemistry of Nitrogen, 2nd ed. by T. W. J. Taylor and 
W. Baker, Oxford University Press, London, 1949 (corrected) pp. 212-215. 

219. P. Kabasakalian and E. R. Townley, J. Am. Chem. Soc., 84, 2711 (1962). 

220. J. W. Linnett and R. M. Rosenberg, Tetrahedron, 20, 53 (1964). 

221. V. von ICeussler and W. Liittke, Z. Elektrochem., 63, 614 (1959). 

222. J. R. Schwartz, J. Am. Chem. Soc., 79, 4353 (1957). 

223. K. Nakamoto and R. E. Rundle, J. Am. Chem. Soc., 78, 1113 (1956). 

224. R. R. Holmes, R. P. Bayer, L. A. Errede, H. R. Davis, A. W. Wiesenfeld, P. M. 
Bergman and D. L. Nicholas, J. Org. Chem., 30, 3837 (1965). 



294 J. H. Boyer 

225. W. J. Mijs, S. E. Hoekstra, R. M. Ulmann and E. Havinga, Rec. trav. chim., 77 
746 (1958). 

226. R. R. Holmes, J. Org. Chem., 29, 3076 (1964). 

227. W. Liittke, Z. Elektrochem., 61, 982 (1957). 

228. P. Ruggli and G. Bartusch, Helv. Chim. Acta., 27, 1371 (1944). 

229. R. Huisgen, Angew. Chem., 72, 359 (1960). 

230. F. B. Mallory and A. Gammarata, J. Am. Chem. Soc., 88 , 61 (1966). F. B. Mallory, 
S. L. Manatt and G. S. Wood, J. Am. Chem. Soc., 87, 5433 (1965). 

231. M. H. Palmer and E. R, R. Russell, Chem. and Ind. (London), 1966, 157. 

232. A. H. Dinwoodie and R. N. Haszeldine, J. Chem. Soc., 1965, 1675. 

233. W. D. Blackley, J. Am. Chem. Soc., 88 , 480 (1966). 

234. O. Touster, ‘The Nitrosation of Aliphatic Carbon Atoms,’ in Organic Reactions 
Vol, VII (Ed. R. Adams), John Wiley, New York, 1953, p. 327. 

235. L. Batt and B. G. Gowenlock, Trans. Faraday Society, 56, 682 (1960). 

236. R. Behrend and E. Konig, Ann. Chem., 263, 212 (1891). 

237. R. Hohn, H. Schaefer, H. Hiibner, M. Wahren, W. Pritzkow, G. Lauterback, 
P. Fulde and P. Herrmann, Tetrahedron Letters, 1965, 2581. 

238. H. Fischer and K. Zeile, Ann. Chem., 483, 257 (1930). 

239. A. Schors, A. Kraaijeveld and E. Havinga, Rec. trav. chim., 74, 1243 (1955). 

240. L. Bauer and S. V. Miarka, J. Am. Chem. Soc., 79, 1983 (1957). 

241. L. ICnorr, Chem. Ber., 30, 933 (1897). 

242. P. Ehrlich and G. Cohn, Chem. Ber., 26, 1756 (1893). 

243. R. Fabinyi and T. Szeki, Chem. Ber., 44, 2294 (1911). 

244. E. J. Moriconi, F. J. Creegan, G. K. Donovan and F. A. Spano, J. Org. Chem., 28, 

2215 (1963). ' 

245. J. E. Baldwin and N. FI. Rogers, Chem. Commun., 1965, 524. 

246. R. J. W. Le Fevre, J. Chem. Soc., 1931, 810. 

247. G. Gusmano, Atti accad. Lincei, 26, II, 87 (1917). 

248. T. Emery and J. B. Neilands, J. Am. Chem. Soc., 82, 4903 (1960). 

249. N. S. Goryacheva, Med. Prom. SSSR., 11, No. 3, 32 (1957); Chem. Abstr., 52, 7185 
(1958). 

250. E. H. DeButts and J. T. Hays, U.S. Pat., 3, 214, 473; Chem. Abstr., 64, 2013 
(1966). 

251. M. Busch and K. Schulz, Gazz. chim. ital., 62, 1466 (1929). 

252. J. G. Aston, D. F. Menard and M. G. Mayberry, J. Am. Chem. Soc., 54, 1530 (1932). 

253. M. Gomberg, Ann. Chem., 300, 79 (1898). 

254. H. Goldschmidt and K. Ingebrechtsen, Z. Physik. Chem., 48, 435 (1904). 

255. G. L. Gloss and S. J. Brois, J. Am. Chem. Soc., 82, 6068 (1960). 

256. G. Schultz, G. Rohde and E. Bosch, Ann. Chem., 334, 235 (1904). 

257. E. Bamberger, H. Biisdorf and B. Szolayski, Chem. Ber., 32, 210 (1899). 

258. H. Goldschmidt and E. Sunde, Z. physik. Chem., 56, 1 (1906). 

259. H. Goldschmidt, Monatsh., 27, 849 (1906). 

260. G. R. Noller, Chemistry of Organic Compounds. 3rd ed., W. B. Saunders, Philadelphia, 
1965, p. 585. 

261. I. Tanasescu and M. Ruse, Chem. Ber., 92, 1265 (1959). 

262. D. G. Dittmer and J. M. Kolyer, J. Org. Chem., 27, 56 (1962). 

263. F. B. Dains and W. O. Keynon, J. Am. Chem. Soc., 53, 2357 (1931). 

264. J. Pinnow and G. Pistor, Chem. Ber., 26, 1313 (1893). 

265. R. V. Rothenberg, Chem. Ber., 26, 2060 (1893). 


Formation of the Nitroso Group and Its Reactions 


295 


266. M. Sekiya and K. Oishi, J. Pharm. Soc. Japan , 73, 1017 (1953); Chem. Abstr., 48, 
10663 (1954). 

267. H. Wicland and S. Gambarjan, Chem. Her. 39, 3036 (1906). Id. I. Stryker, U.S. Pat., 
3, 233, 727; Chem. Abstr., 64, 5004 (1966). 

268. M- V. Gapchcnko, Zauodskaya I.ah ., 10, 245 (1941); Chem. Abstr., 35, 7312 (1941). 

269- A. Lachman, Amer. Chem. 21, 433 (1899). 

270. A. Guttmann, Chem. Her., 55, 3007 (1922). 

271 . J. H. Boyer and S. E. Ellzcy, Jr., J. Am. Chem. Soc., 82, 2525 (1960). 

272. E. Gulbaran, Suomen Kemistilehti, Pt. R, 37, 229 (1964); Chem. Abstr., 62, 11718 
(1965). 

273. H. Lemaire, A. Rassat and J. P. Ravct, TetrahedroriTetters, 1964, 3507. 

274. M. Shamma, J. K. Whitesell andP. L. Warner, Jr., Tetrahedron Letters, 1965, 3869. 

275. H. Mauser and H. Heitzer, Z. Naturforsch, 20b, 200 (1965); Chem. Abstr., 63, 4118 
(1965). 

276. F. Egami, M. Ebata and R. Sato, Japan Pat., 4935; Chem. Abstr., 52, 11926 
(1958). 

277. Ref. 1, P- 423. 

278. W. S. Emerson, U.S. Pat , 2, 414, 031; Chem. Abstr., 41, 2439 (1947); U.S. Pat., 2, 
380, 420; Chem. Abstr., 40, 93 (1946). 

279. F. Kehrmann, Chem. Ber., 21, 3319 (1888). 

280. J. H. Boyer, R. Buriks and U. Toggweiler, J. Am. Chem. Soc., 82, 2213 (1960). 

281. J. H. Boyer, R. F. Reinisch, M. J. Danzig, G. A. Stoner and F. Sahhar, J. Am. Chem. 
Soc., 77, 5688 (1955). 

282. S. V. Bogdanov and I. N. Koroleva, ./. Gen. Chem. USSR., 26, 259, 281 (1956); 
Chem. Abstr., 50, 13884 (1956). 

283. F. J. Smentowski, J. Am. Chem. Soc., 85, 3036 (1963). 

284. G. A. Russell and E. J. Geels, J. Am. Chem. Soc., 87, 122 (1965). 

285. T. Kauffinann and S. M. Hage, Angeiv. Chem. Intern. Ed., Eng., 2, 156 (1963). 

286. T. T. Tsai, W. E. McEwen and J. Kleinberg, J. Org. Chem., 25, 1186 (1960). 

287. W. Kemula and R. Sioda, J. Electroanal. Chem., 6, 183 (1963). 

288. W. M. Latimer, Oxidation Potentials, Prentice-Hall, Englewood Cliffs, N.J., 1959, 
p. 136. 

289. I. M. Kolthoff and J. J. Lingane Polarography, Interscience Publishers Inc., New 
York, 1952, pp. 746-764. 

290. L. Chuang, I. Fried and P. J. Elving, Anal. Chem., 36, 2426 (1964). 

291. L. Horner and H. Hoffmann, Angew. Chem. 68, 473 (1956). 

292. P. J. Bunyan and J. I. G. Cadogan, J. Chem. Soc., 1963, 42. 

293. L. A. Neiman, V. I. Maimind and M. M. Shemyakin, Izv. Akad. Nauk SSSR., 
Ser. Khim., 1964, 1357; Chem. Abstr., 61, 11991 (1964). 

294. M. Passerini, T. Bonciani and N. Digioia, Gazz. chim. ital., 61, 959 (1931). 

295. M. Passerini and N. Zita, Gazz. chim. ital., 61, 26 (1931). 

296. M. Ohno and I. Sakai, Tetrahedron Letters, 1965, 4541. 

297. E. Bamberger, Ann. Chem., 316, 281 (1901). K. A. Ogloblin and M. A. Samartsev, 
Zh. Organ. Khim., 1, 860 (1965); Chem. Abstr., 63, 6847 (1965). 

298. K. Bertels, Chem. Ber., 37, 2276 (1904). 

299. A. Angeli and F. Angelico, Gazz. chim. ital., 30, II, 268 (1900). 

300. R. Kuhn and W. Van Kalvaren, Chem. Ber., 71B, 779 (1938). 

301. A. Seyerwetz and L. Poizat, Compt. rend., 148, 1110 (1909). 

302. K. M. Ibne-Rasa, C. G. Lauro and J. O. Edwards, Am. Chem. Soc., 85, 1165 (1963). 



296 


J. H. Boyer 


303. J. H. Boyer and S. E. Ellzey, Jr., J. Org. Chem., 24, 2038 (1959). 

304. A. H. Riebel, R. E. Erickson, G. J. Abshire and P. S. Bailey, J. Am. Chem. Soc., 82 
1801 (1960). 

305. A. I. Titov and N. G. Laptev, Zhur. Obshchei Khim., 18, 741 (1942); Chem. Abstr., 43 
5013 (1949). 

306. Ref. 218, p. 205. 

307. F. B. Mallory, K. E. Schueller, and G. S. Wood, J. Org. Chem., 26, 3312 (1961). 

308. C. A. Burkhard and J. F. Brown, Jr., J. Org. Chem., 29, 2235 (1964). 

309. J. Heicklen, J. Phys. Chem., 70, 112 (1966). 

310. M. I. Christie, J. S. Frost and M. A. Voisey, Trans. Faraday Soc., 61, 674 (1965). 

311. J. M. Birchall, A. J. Bloom, R. N. Haszeldine and G. J. Willis, Proc. Chem. Soc., 
1959, 367. 

312. L. G. Donaruma and D. J. Carmody, J. Org. Chem., 22, 635 (1957). 

313. E. Robson and J. M. Tedder, Proc. Chem. Soc., 1963, 344. 

314. Ref. 1, p. 373. 

315. J. A. Tanaka, Iowa State Coll. J. Sci., 32, 277 (1957); Chem. Abstr., 52, 7178 (1958). 

316. S. Goldschmidt and F. Christman, Ann. Chem., 442, 246 (1925). 

317. B. Bromberger and L. Phillips, J. Chem. Soc., 1961, 5302. A. Maschke, B. S. Shapiro 
and F. W. Lampe, J. Am. Chem. Soc., 85, 1876 (1963). 

318. J. W. Frazer, B. E. Holder and E. F. Worden, J. Inorg. Nucl. Chem., 24, 45 (1962). 
T. E. Stevens and J. P. Freeman, J. Org. Chem., 29, 2279 (1964). R. C. White and 
L. J. Parcell, J. Phys. Chem., 69, 4409 (1965). 

319. I. Kraljic and C. N. Trumbore, J. Am. Chem. Soc., 87, 2547 (1965). 

320. J. M. Birchall, A. J. Bloom, R. N. Haszeldine and C. J. Willis,./. Chem. Soc., 1962, 
3021. D. A. Barr and R. N. Haszeldine, J. Chem. Soc., 1960, 1151. 

321. H. Staudinger and S. Jelagin, Chem. Ber., 44, 365 (1911). 

322. V. A. Ginsburg, L. L. Martynova, S. S. Dubov, B. I. Tetel’baun and A. Ya. Yakubo¬ 
vich, Zh. Obshch. Khim., 35, 851 (1965); Chem. Abstr., 63, 6995 (1965). 

323. N. F. Hepfinger and G. E. Griffin, Tetrahedron Letters, 1963, 1361. 

324. N. F. Hepfinger, G. E. Griffin and B. L. Shapiro, Tetrahedron Letters, 1963, 1365. 

325. L. Alessandri, Gazz. chim. ital., 55, 729 (1925); 57, 195 (1927). 

326. M. J. Haddadin and G. H. Issidorides, Tetrahedron Letters, 1965, 3253. 

327. G. W. Steinhoffand M. C. Henry, J. Org. Chem., 29, 2808 (1964). 

328. A. Schonberg and K. H. Brosowki, Chem. Ber., 92, 2602 (1959). 

329. L. Alessandri, Gazz. chim. ital., 54, 426 (1924). 

330. F. Minisci, R. Galli and A. Quilico, Tetrahedron Letters, 1963, 785. 

331. R. E. Banks, W. T. Flowers. R. N. Haszeldine and P. E. Jackson, Chem. Commun., 
1965, 210. 

332. E. Bamberger, Chem. Ber., 33, 941 (1900). 

333. Ref. 1, p. 370. 

334. H. V. Pechmann and A. Nold, Chem. Ber., 31, 557 (1898). 

335. J. Hamer, M. Ahmad and R. E. Holliday, J. Org. Chem., 28, 3034 (1963). 

336. J. Hamer and R. E. Bernard, J. Org. Chem., 28, 1405 (1963). 

337. Yu. A. Arbuzov and T. A. Pisha, Dokl. Akad. Nauk. SSSR., 116, 71 (1957); Chem. 
Abstr., 52, 6357 (1958). 

338. G. Kresze and I. Firl, Tetrahedron Letters, 1965, 1963. 

339. J. Hamer and A. Miacaluso Chem. 'Rev., 64, 473 (1964). 

340. A. A. Gevorkyan, B. L. Dyatkin and I. L. Knunyants, Zh. Vses. Khim. Obshchestva 
im. D. I. Mendeleeva, 10, 707 (1965); Chem. Abstr., 64, 9577 (1966). 




Formation of the Nitroso Group and Its Reactions 


297 


341 O- Wichterle and S. Svastal, Coll. Czech. Chem. Commun., 16, 33 (1951); Chem. 

. ' Abstr., 46, 2070 (1952). 

342. A. Mustafa, J. Chem. Soc., 1949, 256. 

343. w. Dilthey, G. Hurtig and H. Passing, J. Prakt. Chem., 156, 27 (1940). 

344 . I. L. Knunyants, E. G. Bykhovskaya, B. L. Dyatkin, V. N. Frosin and A. A. Gevor¬ 
kyan, Zh. Vses. Khim. Obshchestva im. D. I. Mendeleeva, 10, 472 (1965); Chem. Abstr., 
63, 14687 (1965). 

345 B. A. Geller and L. S. Samosvat, Dokl. Akad. Nauk. SSSR., 141, 847 (1961); Chem. 
' Abstr., 57, 709 (1962). 

346. s. Maffei and G. F. Bettinetti, Ann. Chim., (Rome) 47, 1286 (1957). 

347. Y. Ogata, M. Tsuchida and Y. Takagi, J. Am. Chem. Soc., 79, 3397 (1957). 

348. E. Bamberger, H. Biisdorf and B. Szolayski, Chem. Ber., 32, 210 (1899) 

349. E. Bamberger and A. Rising, Chem. Ber., 34, 228 (1901). 

350. P- W. Robertson, T. R. Hitchings and G. M. Will, J. Chem. Soc., 1950, 808. 

351 p. W. Neber and H. Rauscher, Ann. Chem., 550, 182 (1942). 

352. E. Bamberger, H. Biisdorf and H. Sand, Chem. Ber., 31, 1513 (1898). 

353. H. Freytag, E. Klaube, H. Wilms, E. Roos and J. George, Belg. Pat., 615, 918; 

' Chem. Abstr., 58, 11283 (1963). ’ .. 

354. E. Bamberger and W. Ham, Ann. Chem., 382, 82 (1911). 

355. A. Silberg, Z. Frenkel and E. Bauer, Studia TJniv. Babes-Bolyai, Ser. Chem., 10, 31 
(1965); Chem. Abstr., 65, 645 (1966). M. Kotoucek, M. Martinek and E. Ruzicka, 
Monatsh., 96, 1433 (1965). (a) A. Steigmann, J. Soc. Chem. Ind., 65, 233 (1946). 
(b) H. Decker and B. Solonina, Chem. Ber., 35, 3217 (1902). 

356. G. Wuster and G. Roser, Chem. Ber., 12, 1822 (1879). 

357. T. Saito, T. Miyazaki and K. Miyaki, J. Fharm. Chem., 19, 149 (1947); Chem. 
Abstr., 45, 3277 (1951). 

358. F. Feigl, J. Chem. Ed., 21, 479 (1944). 

359. R. H. Pickard and J. Kenyon, J. Chem. Soc., 91, 901 (1907). 

360. L. Vanino and F. Hartl, Arch. Pharm., 244, 216 (1906). 

361. H. Reihlen and A. Hake, Ann. Chem., 452, 47 (1927). 

362. R. Rascanu, Ann. sci. univ. Jassy, 17, 130 (1933); Chem. Abstr., 27, 3200 (1933). 

363. T. A. Waddington, J. Chem. Soc., 1962, 600. 

364. A. Ya. Yakubovich, P. O. Gitel, Z. N. Lagutina and Z. N. Ghelobov, Zh. Obshch. 
Khim., 36, 163 (1966); Chem. Abstr., 64, 14079 (1966). 

365. J. Banus, J. Chem. Soc., 1953, 3755. 

366. J. Banus, Nature, 171, 173 (1953). 

367. S. Chaberek and A. E. Martell, Organic Sequestering Agents, Wiley, New York, 376 
(1959). 

368. T. Tanaka, R. Ue-eda, M. Wada and R. Okawara, Bull. Chem. Soc., Japan 37, 
1554 (1964). 

369. L. Alessandri, Atti accad. Lincei, 24, I, 62 (1915). G. Bruni and E. Geiger, Atti accad. 
Lincei, ( 6 ) 5, 823 (1927). 

370. W. Gundel and R. Pummerer, Ann. Chem., 529, 11 (1937). 

371. G. N. Burkhardt, A. Lapworth and E. B. Robinson, J. Chem. Soc., 127, 2234 (1925). 

372. O. Neunhoeffer and E. Ruske, Angew. Chem., 72, 577 (1960). 

373. E. Bergmann, J. Chem. Soc., 1937, 1628. 

374. H. Wieland and A. Roseeu, Chem. Ber., 45, 494 (1912); 48, 1117 (1915). 

375. H. Gilman and R. McCracken, J. Am. Chem. Soc., 49, 1052 (1927). 

376. H. Wieland and F. Kogl, Chem. Ber., 55, 1798 (1922). 



298 


J. H. Boyer 


377. G. A. Russell, E. G. Janzen and E. T. Strom, J. Am. Chem. Soc., 86, 1807 (1964). 

378. K. Maruyama, Bull. Chem. Soc. Japan, 37, 1013 (1964); Chem. Abstr., 61, 8211 
(1964). 

379. J. G. Aston and D. F. Menard, J. Am. Chem. Soc., 57, 1920 (1935). 

380. P. Ehrlich and F. Sachs, Chem. Ber., 32, 2341 (1899). 

381. M. Colonna, Gazz. chim. ital., 90, 1179 (1960). 

382. L. Horner, H. Hoffmann, H. G. Wippel and G. Klahre, Chem. Ber., 92, 2499 (1959). 

383. F. Krohnke and G. Krohnke, Chem. Ber., 91, 1474 (1958). 

384. I. Tanasescu and I. Nanu, Chem. Ber., 75, 650 (1942); 72, 1083 (1939). 

385. G. Heinz Schmidt, Angew. Chem., 75, 169 (1963). 

386. I. Ugi, U. Fetzer, U. Eholzer, H. Knupfer and K. Offermann, Angew. Chem. 
International Ed., 4, 472 (1965). 

387. E. Bulka and K. D. Ahlers, Z. Chem., 3, 388 (1963). 

388. G. Ciamician and P. Silber., Chem. Ber., 35, 1080 (1902). 

389. H. A. Torrey, Amer. Chem. J., 34, 475 (1905). 

390. F. Krohnke, Angew. Chem., 75, 181 (1963). J. Hamer and A. Macaluso, Chem. Rev., 
64, 473 (1964). 

391. A. W. Johnson, J. Org. Chem., 28, 252 (1963). 

392. M. Amarosa and M. R. Cesaroni, Gazz. chim. ital., 83, 853 (1953). 

393. C. Mills, J. Chem. Soc., 67, 925 (1895). 

394. Y. Ogata and Y. Takagi, J. Am. Chem. Soc., 80, 3591 (1958). 

395. P. Ruggli and C. Pettijean, Helv. Chim. Acta., 24, 711 (1938). 

396. M. Amorosa and L. Lipparini, Gazz. chim. ital., 84, 692 (1954). 

397. P. Ruggli and G. Bartusch, Helv. Chim. Acta., 27, 1371 (1944). 

398. O. Fischer and E. Flepp, Chem. Ber., 20, 2479 (1887); 21, 676, 2617 (1888). 

399. O. Fischer and E. Hepp, Chem. Ber., 21, 684 (1888). 

400. A. Hantzsch, Chem. Ber., 38, 2056 (1905). 

401. O. Fischer and E. Hepp, Chem. Ber., 20, 2471 (1887). 

402. P. Freundler and Juillard, Compt. rend., 148, 289 (1909). 

403. V. Anger, Mikrochim. Acta, No. 1, 58 (1960). 

404. G. F. Jaubert, Chem. Ber., 28, 270 (1895). 

405. Ref. 1, p. 366. 

406. A. Angeli, F. Angelico and E. Calvello, Atti accad. Lincei, (5) 11, II, 16 (1902). 

407. A. Angeli and A. Pieroni, Atti accad. Lincei, (5) 32, I, 151 (1923). 

408. A. V. Fokin and A. T. Uzan, Zh. Obshch. Khim., 36, 117 (1966); Chetn. Abstr., 64, 

14079 (1966). 

409. K. Ueno and S. Akiyoshi, J. Am. Chem. Soc., 76, 3670 (1954). 

410. S. Oae, T. Fukumoto and M. Yamagami, Bull. Chem. Soc. Japan., 36, 728 (1963). 

411. M. M. Shemyakin, V. I. Maimind and B. IC. Vaichunaite, Izvest. Akad. Nauk. 
SSSR., Otdel. Khim. Nauk., 1957, 1260; Chem. Abstr., 52, 6231 (1958). 

412. O. Fischer and L. Wacker, Chem. Ber., 22, 622 (1889). 

413. E. Bamberger and A. Stiegelman, Chem. Ber., 32, 3554 (1899). 

414. O. Fischer and W. Johannes, J. Prakt. Chem., 92, 60 (1915). 

415. B. A. Geller and L. S. Samosvat, Zh. Obshch. Khim., 31, 1681 (1961). 

416. E. Bamberger, Chem. Ber., 33, 3508 (1900). 

417. O. Fischer and M. Chur, J. Prakt. Chem., 95, 266 (1917). 

418. W. V. Farrer and J. M. Gulland, J. Chem. Soc., 1944, 368. 

419. R. A. Abramovitch and B. A. Davis, Chem. Rev., 64, 149 (1964). 

420. G. K. Ingold, J. Chem. Soc., 127, 513 (1925). 



Formation of the Nitroso Group and Its Reactions 


299 


42'J. J. T. Hays, H. L. Young and H. H. Espy, Abstracts of Papers 152 nd , Meeting American 
Chemical Society, New York, September 1966, No. S156. 

422. B. G. Gowenlock and W. Lirttke, Quarterly Rev., 12, 321 (1958). 

423^ Ref. 218, p. 220. 

424 . J. N; Pring, Trans. Faraday Soc., 19, 705 (1924). 

425. A. L. Bacarella, E. Grunwald, H. P. Marshall and E. L. Purlee, J. Org. Chem., 20, 

' 747 (1955). 

426. L. P. Hammett and A. J. Deyrup, J. Am. Chem. Soc., 54, 2721 (1932). L. P. Hammett, 
Chem. Rev., 16, 67 (1935). L. P. Harnett and M. A. Paul, J. Am. Chem. Soc., 56, 
827 (1934). 

427. L. P. Hammett, Chem. Rev., 16, 67 (1935). L. P. Hammmett and M. A. Paul, 
' J. Am. Chem. Soc., 56, 827 (1934). 

428. M. S. Webster, J. Chem. Soc., 1956, 2841. 

429 . A. Ya. Yakubovich, S. P. Makarov, V. A. Ginsburg, N. F. Privezentseva and L. L. 
Martynova, Dokl. Akad. Nauk. SSSR., 141, 125 (1961); Chem. Abstr., 56,11429 (1962). 

430. V. Gregor, Chem. listy., 51, 2304 (1957); Chem. Abstr., 52, 6209 (1958). 

431. J. Heicklen, J. Phys. Chem., 70, 618 (1966). 

432. N. Basco and R. G. W. Norrish, Proc. Roy. Soc. Ser. A, 283, 291 (1965). 

433. E. Bamberger, Chem. Ber., 34, 1606 (1902). 

434. A. V. Fokin, Yu. M. Kosvrev and A. T. Uzin, Zh. Obshch. Khim., 36, 119 (1966). 
Chem. Abstr., 64, 14085 (1966). 

435. W. Pritzkow, H. Schaefer, P. Pabst, A. Ebenroth and J. Beger, J. Prakt. Chem., 29, 
123 (1965). 

436. M. Passerini and T. Bonciani, Gazz. chim. ital., 61, 959 (1931). 

437. L. Alessandri, Gazz. chim. ital., 58, 551, 738 (1928). 




CHAPTER 6 


Methods of formation of the 
nitro group in aliphatic 
and alicyclic systems 

H. O. Larson 

Department of Chemistry 
University of Hawaii 
Honolulu, Hawaii 


I, Introduction. ......... 302 

II. The Conversion of Oximes to Nitro Compounds . . . 302 

A. Hydrogenolysis of g«m-Dinitro Compounds .... 302 

B. Reduction of Bromonitro Compounds . . . . . 304 

C. Oxidation of Oximes ........ 306 

III. The Oxidation of Amines ....... 308 

A. Peracids .......... 308 

B. Potassium Permanganate . . . . . . .310 

IV. The Reaction of Active Methylene Groups with Nitrating 

Agents . . . . . . . . . .310 

A. Alkyl Nitrates . . . . . . . . .310 

B. Nitric Acid. ......... 314 

C. Acetone Cyanohydrin Nitrate . . . . . .315 

V. The Nitration of Carbon-Carbon Double Bonds . . .316 

A. Acetyl Nitrate . . . . . . . . .316 

B. Nitryl Chloride . . . . . . . . .318 

C. Dinitrogen Tetroxide . . . . . . .319 

D. Dinitrogen Trioxide . . . . . . . 320 

E. Nitrosyl Chloride ........ 323 

F. Nitric Acid. ......... 323 

VI. Displacment Reactions by Nitrite Ions ..... 325 

A. Silver Nitrite ......... 325 

1. General nature of the reaction ...... 325 

2. Stereochemistry and mechanism. ..... 325 

3. Synthesis ......... 326 

4. Experimental conditions ....... 328 

B. Alkali Metal Nitrites ........ 329 

1. General nature of the reaction ...... 329 

2. Mechanism ......... 330 


301 












302 


H. O. Larson 


3. Synthesis ......... 332 

4. Experimental conditions ....... 334 

VII. Polynitro Compounds ........ 334 

A. ter Meer Reaction . . . . . . . 335 

B. Kaplan-Shechter Reaction ....... 336 

1. General nature of the reaction ...... 336 

2. Mechanism .......... 336 

3. Synthesis. ......... 338 

4. Experimental conditions ....... 339 

C. Oxidation of Pseudonitroles ....... 339 

D. Other Methods ......... 339 

VIII. Miscellaneous Methods ........ 340 

IX. References .......... 342 


I. INTRODUCTION 

The vapor phase nitration of saturated aliphatic hydrocarbons was 
discovered by H. B. Hass 1 in 1934, and the preparation of nitro- 
methane, nitroethane, both nitropropanes, and the four nitrobutanes 
from hydrocarbons was described 2 . The invention of vapor phase 
nitration was followed by reports on the nitration of w-pentane 3 , 
Lpentanc 4 , ethane 5 , and methane 6 . The waste of natural gas in the 
oil fields inspired Hass to find new reactions of these simple unreac¬ 
tive hydrocarbons, and he created a new industry. Modifications 
in the process were reported 7,8 and the nitration studies were 
expanded 9 ” 12 . These findings have been summarized by Hass and 
Shechter 13 . 

The vapor phase nitration of aliphatic hydrocarbons gave 
tremendous impetus to the study of aliphatic nitro compounds. A 
mechanism which accounts for the formation of complex mixtures 
of nitroalkanes by the nitration process has been published by 
G. B. Bachman 14 . Limitations of the industrial process required the 
development of synthetic methods for new nitro compounds in 
quantities needed for research. Methods for the synthesis of aliphatic 
and alicyclic nitro compounds have been reviewed recently 15 . 

II. THE CONVERSION OF OXIMES 
TO NITRO COMPOUNDS 

A. Hydrogenolysis of gem-Dinitro Compounds 

Usual methods for the synthesis of nitro compounds proved to be 
unsatisfactory for the preparation of nitro steroids, and a new general 
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method was developed by Bull, Jones, and Meakins 16 . Nitration of 
a n oxime leads to a pseudonitrole 17 which is easily oxidized to a 
^m-dinitro compound. Controlled reduction with hydrogen and a 
platinum catalyst affords the mononitro steroid (equation 1). 


R»C= 


HNO a / 

=NOH -> R,C 


NO 


NO, 


NO, 


h 2 o 2 / 
- —> R„C 
hno 3 2 \ 


Pt 


->■ R,C 


NO, 


H 


NO, 


(1) 


Quantitative hydrogenation of 1 forms 17 /?-ni tro-5 a-androstane, 
and the overall yield from the oxime to the mononitro compound 
is 45 %. The stereospecificity of the C—N cleavage is remarkable. 




Reduction of the gm-dinitro compounds derived from 2 (positions 
4, 6, and 7) occurs stereoselectively. The /3-nitro derivative is formed 
exclusively from the 4 and 6 gm-dinitro compounds because of 
protection provided by the angular methyl groups. Controlled 
hydrogenations of 7,7-dinitro-5a-cholestane give the 7a-nitro steroid 
in a yield of 80 %. Reduction of the 3,3-dinitro compound yields a 
mixture of both mononitro epimers in equal amounts. Preparation 
of the more stable isomer of the nitro steroids is illustrated by 
epimerization of 4/?-nitro-5a-cholestane with sodium bicarbonate to 
4a-nitro-5a-cholestane, the equatorial isomer, in a 90% yield. 

Intermediates in the reduction are not isolated, but the require¬ 
ment of four moles of hydrogen permits a reasonable representation 
for the conversion (equation 2). 


NO, 


NO, 


NO 


/ 


NH, 


\ 


-> R,C 


NO, 


NO, 


H 


NO, 


(2) 


There are two secondary reactions that may reduce the overall 
yield in the synthetic sequence 16 . Oximes are converted to ketones 
by nitrous acid 18 , and nitrous acid also produces nitrimines 19,20 , 
illustrated by the conversion of 3 to 4 (equation 3). Both unwanted 
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reactions can be minimized by the use of carefully purified nitric 



(3) 


B. Reduction of Bromonitro Compounds 

Forster described the quantitative conversion of camphor oxime 
to 2-bromo-2-nitrobornane 21 . On treatment with hypobromite, the 
oxime is converted to a bromonitroso compound which is readily 
oxidized by air to 2-bromo-2-nitrobornane. The bromonitro com¬ 
pound is reduced to 2-nitrobornane with aqueous potassium hy¬ 
droxide 22 (equation 4). The procedure is satisfactory and has been 

Br Br H 

OBi— / O, / KOH / 

R 2 C=NOH -> R 2 C —R 2 C -> R 2 C (4) 

\ \ Ha ° \ 

NO N0 2 N0 2 

used by several investigators for studying the reactions of 2-bromo-2- 
nitrobornane 23 , although a realistic overall yield is 32 % 24 . 

However, Forster’s sequence of reactions is not a general method 25 . 
Iffland and Criner 26 report substantial modifications which provide 
a more useful method. In aqueous sodium bicarbonate a ketoxime 
reacts with iV-bromosuccinimide to form a bromonitroso compound 
which is oxidized by a solution of nitric acid and hydrogen peroxide 
to a bromonitro compound. Sodium borohydride in methanol 
reduces the bromonitro compound; a high mole ratio of boro¬ 
hydride to bromonitro compound is important (equation 5). 
Iffland and Yen 27 report the synthesis of ten secondary nitroalkanes 

Br Br H 

NBS / HNOo / NaBH. / 

R„C=NOH -> R„C -Y R„C ->- R„C (5) 

2 2 \ h 2 o 2 2 \ 2 \ 

NO NO a NO a 

from aliphatic ketoximes in yields that vary from 10 to 48 % (Table 1). 
The experimental procedure is simplified by not isolating or purify¬ 
ing the intermediate bromonitroso product or the bromonitro 
compound. Difficulties in the purification of the final product are 
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Table 1. Conversion of ketoximes to nitro compounds 26 ’ 27 . 


Ketoxime 

Bromonitro compound 
Yield, % 

Product of reduction 

Yield, 

% 

Cyclobutanone 

69 

Nitrocyclobutane 

33 

Cyclopentanone 

72 

N itrocy clopentane 

76 

Cyclohexanone 

63 

Nitrocyclohexane 

80 

Cycloheptanone 

38 

Nitrocycloheptane 

76 

Pinacolone 


3-Nitro-2,2-dimethylbutane 

30“ 

3-Methyl 2-butanone 


3-N itro-2 -methylbutane 

48“ 


a Overall yield from oxime. 


thereby largely eliminated. The JV-bromosuccinimide may be replaced 
by iV-bromoacetamide. A solvent system composed of dioxane and 
water is advantageous in the bromination of pinacolone oxime. 

The synthetic method developed by Iffland is useful for the syn¬ 
thesis of nitrocycloalkanes and secondary aliphatic nitro compounds, 
especially if the carbon chain is branched. With some modification 
the procedure is applicable to the preparation of nitro steroids. 
Patchett 28 has found that air oxidation of the bromonitroso inter¬ 
mediate is better than a mixture of nitric acid and hydrogen 
peroxide. For instance, the conversion of oxime 5 to 6 is achieved in 
a yield of 55 % without the isolation of any intermediate (equation 6). 
Similarly, oxime 7 is converted to 8 in 30% yield (equation 7). The 
success of Iffland’s method in the presence of other functional groups 



(7) (8) 
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is noteworthy, and another example is the conversion of 9 to the 
nitro alcohol 10 . The tosylate of the nitro alcohol reacts with sodium 
hydride in dimethylformamide to form the bicyclic product 11 with a 
bridgehead nitro group 29 (equation 8). 



But Iffland’s method is not applicable to aldoximes and aromatic 
ketoximes 25 . Also the method failed in the case of 3-hydroxyimino- 
5oc-cholestane. The major product is the parent ketone and only 
small amounts of the expected bromonitroso and bromonitro com¬ 
pounds 16 are obtained. 


C. Oxidation of Oximes 

Peroxytrifluoroacetic acid, a reagent developed by Emmons and 
Pagano 30 , is the first useful reagent to oxidize oximes directly to 
nitro compounds. An earlier report on the oxidation of oximes is of 
little value 31 . 

The simplicity and brevity of the experimental procedure are 
attractive features of the method. Peroxytrifluoroacetic acid in 
acetonitrile is added to a solution of the oxime in acetonitrile at 
reflux temperature. A buffer is necessary to neutralize the trifluoro- 
acetic acid formed in the reaction. With aliphatic oximes sodium 
bicarbonate is satisfactory, and with aromatic and alicyclic oximes 
disodium hydrogen phosphate is effective. A small amount of urea 
is used to scavenge oxides of nitrogen. Trifluoroacetic acid and chloro¬ 
form are other solvents for the reaction. The effectiveness of peroxy¬ 
trifluoroacetic acid in the oxidation of oximes to nitro compounds is 
evident from the data given in Table 2. The oxidation of a-oximino- 
acetoacetic ester ( 12 ) is accompanied by cleavage to ethyl nitro- 
acetate ( 13 ) in a yield of 40% (equation 9). Sodium dichromate in 

O NOH 

!i il cf.cooH 

CH 3 C—G—C0 2 C 2 H 6 ——0 2 NCH 2 C0 2 C 2 H 6 (9) 

( 12 ) ( 13 ) 

acetic acid oxidizes a-oximinoacetoacetic ester to ethyl nitroacetate 32 
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Table 2. Oxidation of oximes with 
peroxytrifluoroacetic acid 30 . 


Product from corresponding oxime 

Yield % 

Nitrocyclopentane 

60 

Nitrocyclohexane 

62 

Nitrocycloheptane 

51 

1-Nitrooctane 

63 

1 -Nitroheptane 

72 

2-Nitrobutane 

47 

2-Nitro- 3-me thylbutane 

49 

a-Phenylnitroethane 

69 

ft)-Nitroacetophenone 

76 

Diethyl nitromalonate 

66 

1 -Cyclopropylnitroethane 

42 

Dicyclopropylnitromethane 

35 


in a yield of 61 %. Large quantities of w-nitroacetophenone are 
easily prepared according to the excellent procedure of Long and 
Troutman 33 . Nitromethane and benzaldehyde are condensed by 
sodium hydroxide in methanol to 1 -phenyl-2-nitroethanol which is 
oxidized in a mixture of aqueous acetic acid and potassium dichro¬ 
mate. The overall yield is 62%. 

Emmons suggests that the oxime is oxidized to the nitronic acid 
which isomerizes to the stable product and that acetonitrile is a supe¬ 
rior solvent because it facilitates the tautomerization (equation 10). 

CF.CO.H 

R 2 C=NOH ——r 2 c=N0 2 H -> R 2 CHN0 2 (10) 

The oximes of pinacolone and trimethylacetaldehyde are not 
oxidized by peroxytrifluoroacetic acid, the oxidation being impeded 
by steric hindrance 30 . The oxidation of 3-hydroxyimino-5a-choles- 
tane with peroxytrifluoroacetic acid or with peracetic acid was not 
successful 16 . In exploratory experiments for the preparation of 
17-nitro steroids from the corresponding oximes, a product which was 
difficult to purify formed, although the presence of a nitro group 
in the crude product was detected by infrared spectroscopy 28 . It 
should be noted that peroxytrifluoroacetic acid is a useful reagent 
for the oxidation of a carbon-carbon double bond to an oxirane 34 , 
and the experimental procedure is similar to that for the oxidation 
of oximes. Apparently the product from the oxidation of an un¬ 
saturated oxime with peroxytrifluoroacetic acid has not been deter¬ 
mined. 
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Peroxytrifluoroacetic acid is prepared in acetonitrile by the reaction 
of trifluoroacetic anhydride and 90% hydrogen peroxide, which is 
commerically available. The hazards of 90 % hydrogen peroxide 
have been described 36 . 

III. THE OXIDATION OF AMINES 

A. Peracids 

The earliest attempts to prepare aliphatic nitro compounds by the 
oxidation of amines did not lead to a useful method 36 , but Emmons 
reports the successful conversion of aliphatic amines to nitroalkanes 
with peracetic acid 37 . Tertiary nitrooctane, nitrocyclohexane, 
2-nitrobutane, and 1-nitrohexane are obtained in yields of 87, 70, 
65, and 32 %, respectively, from the corresponding amines. 

Oxidation of amines does not occur when peroxytrifluoroacetic 
acid is used as the oxidant. Instead the amine is protonated by the 
trifluoroacetic acid present in the peracid. Acylation prevails when 
a buffer system is used. The product, in this case, is the N-alkyl- 
trifluoroacetamide. 

Perbenzoic acid 38 in benzene at 75° oxidizes 3/5-acctoxy-l 7 /3- 
amino-5/j-androstane ( 14 ) to 3/3-acctoxy-17 /3-nitro-5/?-androstane 
( 15 ) (equation 11). The 5a-isomer is oxidized successfully also. 



( 14 ) ( 15 ) 


The oxidation of steroidal amines to nitro steroids by m-chloro- 
perbenzoic acid 39 is a valuable modification of the method devised 
by Emmons. The stability and commercial availability of m-chloro- 
perbenzoic acid will enhance the use of this method. The steroidal 
amine 16 is oxidized to the nitro steroid 17 in 50 % yield (equation 
12). Similarly, the epimeric amine 18 is converted to 19 in 79% 
yield (equation 13). Retention of the stereochemical configuration 
at C-20 is striking, and in general the yields are reported to be high. 
A large mole ratio of oxidant to amine is necessary to suppress the 
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formation of nitroso dimers. Oxidations of 3 a- and 3/J-steroidal 
amines to the corresponding nitro compounds are also recorded. 

The oxidation of neomenthylamine ( 20 ) to 3-nitro~jfr-menthane 
( 21 ) by peracetic acid without racemization is reported 40 . Epimeri- 
zation of 21 to 22 occurs with sodium bicarbonate, and the nitro 
compound 22 is reduced with iron powder in acetic acid without 
racemization 41 to the amine 23 . The sequence of reactions provides 



( 20 ) ( 21 ) ( 22 ) ( 23 ) 

a route for the epimerization of amines and also illustrates the use 
of peracetic acid in the oxidation of an amine to a nitro compound 
with retention of configuration at the adjacent asymmetric carbon 
atom (equation 14). 

The mechanism for the oxidative conversion of amines to nitro 
compounds has not been studied specifically, but a plausible course 
has been suggested 42 (equation 15). Indeed nitroso dimers have been 

R 2 HCNH 2 -> R 2 HCNHOH - > R 2 HCNO -> R 2 HCN0 2 (15) 

isolated. 39,43 . 
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The Victor Meyer reaction and the modified Victor Meyer reac¬ 
tion give mixtures of nitro compounds and nitrites (e.g. see section 
VI.A.l). Oxidation of amines by peracids affords only the nitro 
compound. Formation of one product facilitates isolation and avoids 
tedious fractional distillations. The oxidation of amines seems to be 
limited to those compounds which do not contain other functional 
groups susceptible to the action of peracids. Carbon-carbon double 
bonds form epoxides 44 , and carbonyl groups undergo the Baeyer- 
Villiger oxidation 45 with peracids. 


B. Potassium Permanganate 

Tertiary amines are oxidized to the corresponding nitro com¬ 
pounds by potassium permanganate in a solution composed of 80 % 
acetone and 20 % water to which magnesium sulfate is added 42 . The 
preparation of seven tertiary nitro compounds in yields ranging from 
70 to 83% is described 42 . The isolation of l,8-dinitro-/>-menthane 
in 61 % yield indicates that diamines could be a source of dinitro 
compounds with the appropriate oxidizing agent. However, the 
permanganate oxidation of amines is obviously limited to those 
compounds that are resistant to the action of a powerful oxidizing 
agent. 


IV. THE REACTION OF ACTIVE METHYLENE GROUPS 
WITH NITRATING AGENTS 


A. Alkyl Nitrates 

The nitration of arylacetonitriles 46 and arylacetic esters 47 by alkyl 
nitrates was discovered by Wislicenus. The reaction of benzyl cyanide, 
sodium ethoxide, and methyl nitrate provided a route to phenyl- 
nitromethane 48 (equation 16). The overall yield was 50-55%. 


c 6 h 5 ch 2 cn + gh 3 ono 2 


NaOC 2 H 6 

•-y 


c 6 h 6 c=no 2 

GN 


Na+ 


NaOH 

- > 

h 2 o 


rc e H 6 cNo 2 -|= HC1 

| 2 Na+ --y C 6 H b CH 2 N0 2 + C0 2 (16) 

L co 2 J 

Fluorene was converted to 9-nitrofluorene in high yield 49 , and Wie- 
land 50 applied the reaction to the nitration of ketones. Cyclo¬ 
hexanone reacted with potassium ethoxide and ethyl nitrate in a 
mixture of ethanol and diethyl ether to form a mixture of a-nitro- 
cyclohexanone and a, a'-dinitrocyclohexanone. 
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The procedure by Wieland leads to nitro ketones in low yields 51 , 
and Feuer and coworkers report a thorough study to determine the 
optimum experimental conditions: mode of addition of the reagents, 
reaction time, temperature, solvent, and base. For example, cyclo- 
pentanone is treated with excess sublimed potassium i-butoxide in 
tetrahydrofuran at a low temperature (—30°) to minimize con¬ 
densation of the ketone, and amyl nitrate is added. A small amount 
of alcohol lowers the yield drastically, and a substantial excess of 
base is essential. A short period of time suffices for the reaction, and 
the product must be isolated promptly. The yield of the dipotassium 
salt is determined by bromination with potassium hypobromite to 
l,l,4,4-tetrabromo-l,4-dinitrobutane in a 72% overall yield (equa¬ 
tion 17). Cyclohexanone, cycloheptanone, and cyclooctanone react 


KOBr 

2 K + ->- 



0 2 NCBr 2 CH 2 CH 2 CBr 2 N0 2 + K 2 G0 3 (17) 

similarly, and the yields of tetrabromodinitroalkanes range from 35 
to 72 %. Reduction of tetrabromodinitrobutane with sodium boro- 
hydride yields 1,4-dinitrobutane 52 . 

A superior method by Feuer and Anderson 53 for the synthesis of 
a,co-dinitroalkanes is found in the cleavage of dinitrocycloalkanones. 
The potassium salt of 2,6-dinitrocyclohexanone is converted in 
acidic medium to 1,5-dinitropentane in 78% yield. In a comparable 
manner, 1,6-dinitrohexane (75%) and 1,4-dinitrobutane (72%) are 
prepared. The new synthesis of terminal dinitroalkanes is a general 
reaction for which the requisite cyclic ketones are readily available. 

The method developed for the preparation of a,a'-dinitrocyclic 
ketones is applicable to aliphatic nitriles, a,co-dinitriles, aliphatic 
ketones and aryl alkyl ketones 54 . N, A-D ialkylamides undergo alkyl 
nitration, and the products are isolated as their bromo derivatives 55 . 
Modifications in the procedure of the alkyl nitrate nitration facilitate 
the synthesis of mononitro ketones 58 . The a-nitro ketones are sus¬ 
ceptible to a cleavage reaction. Cyclooctanone reacts with potassium 
t-butoxide and amyl nitrate to form a-nitrocyclooctanone and amyl 
8-nitrooctanoate. The utility of alkyl nitrate nitration is evident in 
Table 3. 

In the competitive nitration and cleavage reactions, nitration 
predominates with the C 5 , C 6 , and C 7 -cyclic ketones, but cleavage 
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Table 3. Alkyl nitrate nitration of ketones 56 . 


Ketone 

Yield of a-nitro 
ketone % 

Yield of co-nitrocarboxylic ester 

0 / 

/o 

Cyclopentanone 

„ 

10 

Cyclohexanone 

20 

10 

Cycloheptanone 

64 

4 

Cyclooctanone 

35 

37 

Cyclononanone 

14 

60 

Cyclodecanone 

14 

58 

Cyclodocecanone 

54 

23 

2,5-Dime thylcyclopentanone 

10 

58 

2,2,5-T rimethylcyclopentanone 

0 

53 

2,2,4-Trimethylcyclopentanone 

82 

0 

a-Tetralone 

59 

0 

Propiophenone 

16 

15 


dominates with medium ring ketones. Tertiary nitro ketones, which 
cannot form a stable anion, are cleaved. Dinitration does occur in 
some instances, and the dinitro ketone and unreacted ketone com¬ 
plicate the isolation of the desired mononitro ketone. Nevertheless, 
nitration of ketones with alkyl nitrates is the most effective method 
for the synthesis of a-nitro ketones. 

Nitro keto steroids 57 are available by Feuer’s method of alkyl 
nitrate nitration. Treatment of progesterone 20-ethylene ketal and 
deoxycorticosterone 20-ethylene ketal with potassium t-butoxide and 
amyl nitrate forms the nitro steroids after hydrolysis of the ketals. 
The yield of 2 a-nitroprogesterone ( 24 ) is 70%, and the yield of 
2 a-nitrodeoxy corticosterone ( 25 ) is 18%. The presence of a free 
hydroxyl group appears to interfere seriously with the reaction. 
Nitration of 17/3-tetrahydropyranyloxy-5a-androstan-3-one and sub¬ 
sequent hydrolysis result in a mixture of the 2 a-nitro ketone 26 and 


CH, 

I 3 

c=o 




(24) 


(25) 
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( 28 ) 

the enol 27 . Nitration of estrone 3-methyl ether gives the nitro ketone 
28 in which the 16/3- and 16a-nitro epimers are present in approxi¬ 
mately equal amounts. The synthesis of many 2- and 4-nitro ketones 
is described 57 , and other 16-nitro-17-keto steroids are reported 58 . 

Nitration by alkyl nitrates involves nucleophilic displacement by 
the carbanion on nitrogen of the nitrate ester. The nitro ketone 
reacts with the base, and acidification is necessary to isolate the 


O o o 



ketone (equation 18). However, with the anion derived from malonic 
ester or acetoacetic ester displacement on carbon occurs 59 (equa¬ 
tion 19). 

[CH(C0 2 C 2 H 5 ) 2 r + C 0 H 5 CH 2 ONO 2 -> C 6 H 5 CH 2 CH(C0 2 C 2 H 6 ) 2 + N0 3 ~ (19) 

Alkyl nitrates are degraded by bases in three ways: displacement 
reactions (equation 20), /3-elimination reactions (equation 21), and 
a-elimination reactions 60 (equation 22). These reactions are largely 

OH- + RONO a -> ROH + N0 3 - (20 

OH" + RCH 2 CH 2 0N0 2 -> RCH=CH 2 + H a O + NO s - (21) 

OH- + RCH 2 ONO a -> RGHO +H a O+NO a - (22) 

avoided at the low temperatures employed in the nitration reaction. 
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The C-acylation of primary nitroparaffins is noted here in relation 
to the synthesis of a-nitro ketones. Benzoyl cyanide and acetyl 
cyanide react with salts of primary nitroparaffins to form a-nitro 
ketones in 30-70 % yields 61 . As a specific example, the lithium salt 
of 1-nitropropane reacts with benzoyl cyanide to form a-nitrobutyro- 
phenone in 60 % yield. 

Nitro ketones may be prepared by chromic acid oxidation of 
nitro alcohols 33-62 . The preparation of 3-nitroflavanone ( 31 ) in 85% 
yield by the oxidation of the oxime ( 30 ) from the flavanone ( 29 ) 
with hydrogen peroxide in alkaline solution is reported 63 . Although 
limited to one example, the method appears to be useful (equation 
23). 



B. Nitric Acid 

The nitration of cyclic /3-diketones is accomplished most effectively 
with nitric acid. For example, indane-l,3-dione is converted to 
2-nitroindane-l,3-dione ( 32 ) in a 78% yield 64 . The nitro ketone 32 
undergoes a novel transformation 66 with acetic anhydride to form the 
acetate of A-hydroxyphthalonimide ( 33 ) (equation 24). The 
nitroindanedione synthesis furnishes another method for the prep¬ 
aration of primary nitro compounds. Nitration of the appropriate 



O O 


( 32 ) ( 33 ) 

indane-l,3-dione forms 34 which is cleaved by dilute aqueous sodium 
hydroxide to sodium phthalate and the primary nitro compound 
35 (equation 25). Thus, 1-naphthylnitromethane 66 may be pre¬ 
pared, as well as other analogs of phenylnitromethane. The prepara¬ 
tions of 2-nitro-5,5-dimethylcyclohexane-l,3-dione 67 and 2-nitro-2- 
carbethoxyindane-l,3-dione 68 are additional illustrations of the 
nitration of cyclic /3-diketones with nitric acid. 
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O 


( 34 ) ( 35 ) 

The nitration ofi 3-bromocamphor with boiling concentrated 
nitric acid results in a mixture of the corresponding 3-bromo-3-nitro 
epimers. The mixture is treated with sodium ethoxide, and 3-nitro- 
camphor 69 is obtained in 17 % yield 70 . Obviously few ketones will 
survive these experimental conditions, but the method provided an 
a-nitro ketone 71 for study at a time when these compounds were not 
readily available. 

Nitration of diethyl malonate provides diethyl nitromalonate in 
92 % yield 72 . Nitration of monoesters of malonic acid with nitric 
acid affords the a,a-dinitro esters in low yields 73 . 

Diphenylcyanonitromethane 74 is prepared from diphenylcyano- 
methane and nitrogen dioxide. Diphenylnitromethane is obtained 
by the action of nitrogen dioxide on diphenylmethane in the presence 
of copper sulfate and oxygen 75 . Oxides of nitrogen convert diethyl 
malonate to diethyl oxomalonate and no nitration is observed 76 . 


C. Acetone Cyanohydrin Nitrate 


Diethyl nitromalonate is obtained in 45 % yield from diethyl 
malonate, sodium hydride, and acetone cyanohydrin nitrate in 
tetrahydrofuran. a-Nitro esters are prepared by the nitration of 
monosubstituted acetoacetic or malonic esters with acetone cyano¬ 
hydrin nitrate by the use of excess sodium hydride 77 (equation 26). 
The yields range from 40 to 70 %. 


RCH(C0 2 C 2 H 6 ) 2 2 NaH 

or + (CH 3 ) 2 C0N0 2 - > 


rchco 2 c 2 h 6 


COCH„ 


Nitric acid reacts with acetone cyanohydrin in acetic anhydride 
to form acetone cyanohydrin nitrate in 65-68 % yield 78 . Sodium 
alkoxides destroy the nitration agent 79 . Sodium ra-amylate reacts 
with acetone cyanohydrin nitrate to form w-amyl nitrate and B-arnyl 
a-hydroxyisobutyrate. Therefore, the choice of base is limited, and 
sodium hydride is effective. As yet, this nitration method has not 
found general application. 
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It should be noted that esters of nitroacetic acid are available by the 
acidification of the dipotassium salt of nitroacetic acid, which is 
prepared from nitromethane and potassium hydroxide 80 , and sub¬ 
sequent esterification of the acid 81 . Ethyl nitroacetate is obtained in 
60 % yield. 

V. THE NITRATION OF CARBON-CARBON 
DOUBLE BONDS 

A. Acetyl Nitrate 

Acetyl nitrate reacts with both enol esters and olefins to produce 
nitro compounds. The reaction of 2-buten-2-yl acetate with acetyl 
nitrate 82 yields 3-nitro-2-butanone (13%). Acetyl nitrate and 1- 
phenyl-1-propen-1-yl acetate react to form a-nitropropiophenone 
in 21 % yield. Though the initial report indicates that the yields of 
nitro ketbnes are low, acetyl nitrate and the enol acetate of cyclo¬ 
hexanone ( 36 ) react to give 2-nitrocyclohexanone in 40% yield 83 
(equation 27). By-products 37 and 38 , which may form, are hydro¬ 
lyzed to product during the isolation. Although the reaction of 



acetyl nitrate and enol esters has not been evaluated completely, 
the method appears to be convenient and useful. 

Acetyl nitrate is prepared in situ by the reaction of acetic anhydride 
with nitric acid at 15° according to Bordwell and Garbisch 84 . 
Careful control of the exothermic reaction is essential, but acetyl 
nitrate is not formed at lower temperatures. A mole ratio of acetic 
anhydride to 70% nitric acid of about seven is necessary in order to 
avoid crystallization of acetic acid at lower temperatures during 
the nitration. The olefin is introduced at —20° to —30°. The reaction 
is completed in a brief period of time, and with some olefins acid 
catalysis is helpful. 
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Numerous olefins have been studied 84 , and the nitration of cyclo- 
hexene 83,84 will suffice as an example (equation 28). The task of 



( 39 ) («) ( 41 ) ( 42 ) 

separating four products is formidable. Although 39 and 40 undergo 
ester exchange in methanol with an acid catalyst, a 30% yield of 
2 -nitrocyclohexanol is too low to be useful. The reaction of acetyl 
nitrate with cylopentene gives products that are analogous to those 
obtained from cyclohexene. Separation of the complex mixture of 
products produced in the reaction of acetyl nitrate with olefins poses a 
serious limitation to the method as a source of nitro compounds. 

Mainly /3-nitro acetates are obtained in the nitration of stilbenes and 
styrenes 86 . The yield of threo- l-acetoxy-l,2-diphenyl-2-nitroethane 
from the nitration of bmr-stilbene is 70% (equation 29), and 
a-methylstyrene is converted to l-nitro-2-acetoxy-2-phenylpropane 
in 70 % yield. High yields of /3-nitro acetates are also obtained in the 
reactions of acetyl nitrate with 1,1-diaryIalkenes 86 . The nitration of 



1.1- diphenylethene gives l-acetoxy-l,l-diphenyl-2-nitroethane in 
70% yield. /J-Nitro acetates, which are accessible by the nitration 
reactions, undergo elimination reactions to form allenes, and 1,1- 
di(/>-chlorophenyl)allene is prepared in 71 % yield from 1-acetoxy- 

1.1- di(//-chlorophenyl)-2-nitropropanc by the action of potassium 
i-butoxide (equation 30). 



The reaction of acetyl nitrate with 1-phenylcyclohexene 87 results 
in a mixture of /i-nitro acetates in 65 % yield. The mixture consists of 
43 (75%) and 44 (25%). 
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The preparation of /3-nitro acetates, the principal products of the 
nitration reaction, may be formulated as the result of Markownikoff 
addition of AcO—NO a 84 to carbon-carbon double bonds. The 
reaction is catalyzed by sulfuric acid, which suggests that the nitrating 
species is (AcOHNO a )+. Products which are the result of both cis 
and trans additions are obtained from a single olefin. In the case of 
cyclohexene the structures of the numerous products imply the 
intermediacy of carbonium ions 88 . The addition of acetyl nitrate to 
1,1-diarylalkenes yields products which are characteristically 
derived from carbonium ions. It is suggested that the addition of 
acetyl nitrate to simple acyclic olefins involves a cyclic transition 
state 84 . 

B. Nitryl Chloride 

Nitro ketones are obtained by the reaction of nitryl chloride with 
enol esters 82 . The yields vary considerably, and chlorination may 
occur. Nitryl chloride appears to be less useful than acetyl nitrate 
in the conversion of enol esters to nitro compounds. The data are 
summarized in Table 4. 

Nitryl chloride adds to unsymmetrical terminal olefins to yield 
l-nitro-2-chloroalkanes 88 . Vinyl bromide and nitryl chloride react 
to give l-bromo-l-chloro-2-nitroethane in 85% yield 89 . Nitryl 
chloride converts cyclohexene 90 to 1,2-dichlorocyclohexane, cyclo¬ 
hexene pseudonitrosite, and l-chloro-2-nitrocyclohexane (33 %) 


Table 4. Nitration of enol acetates with nitryl chloride 82 . 


Enol acetate 

Product 

Yield % 

(CHg) 2 C=CHOCOCH 3 

(CH 3 ) 2 CClCHO 

21.0 


(ch 3 ) 2 cno 2 cho 

12.0 

CH 3 CH=C(CH 3 )OCOCH 3 

CH 3 C0GH(N0 2 )GH 3 

36.0 

GH i =G(C 6 H 6 )OGOGH 3 

c 6 h 6 coch 2 no 2 

36.0 

GH 3 GH=C(C 6 H 6 )OGOGH 3 

C 6 H 5 C0CH(N0 2 )CH 3 

28.0 
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(equation 31). 



A mixture which consists of methyl 2,3-dichloropropionate (7 %), 
methyl 2-chloro-3-nitropropionate (75%), and dimethyl 2-chloro-4- 
nitromethylpentanedioate (5-10%) is obtained from the reaction 
of nitryl chloride and methyl acrylate at 0°. The suggestion is made 
that the addition of nitryl chloride to a carbon-carbon double bond 
is a homolytic process 91 in which nitryl chloride or nitrogen dioxide 
attacks the terminal position of the double bond, forming a G—N 
bond exclusively. The intermediate radical reacts with nitryl chloride 
to form a chloronitro compound or with methyl acrylate and another 
radical to complete the reaction. 


C. Dinitrogen Tetroxide 

The addition of dinitrogen tetroxide to an olefin produces a 
mixture of nitro compounds 92 . The reactions of ethylene 93 , propyl¬ 
ene 94 , isobutylene 95 , and 1-butene 95 with dinitrogen tetroxide are 
described, and the reaction of cyclohexene with dinitrogen tetrox¬ 
ide at 0° will serve as an illustration 83 ’ 96 (equation 32). Ether is 
used as a solvent, and oxygen is bubbled into the solution. Separa¬ 
tion of the mixture is an obvious problem which is complicated by 



the instability of the products during distillation 93 . 

Dinitrogen tetroxide adds to fiuoroethylenes to give the corre¬ 
sponding 1,2-dinitroethanes 97 ; tetrafluoroethylene yields 1,2-dinitro- 
1,1,2,2-tetrafluoroethane. 

Shechter and Conrad showed that the addition of dinitrogen 
tetroxide to a carbon-carbon double bond is a free-radical reaction 98 . 
Dinitrogen tetroxide adds to methyl acrylate to give three distinct 
products after hydrolysis and neutralization: methyl 3-nitroacrylate 
(13%), methyl 2-hydroxy-3-nitropropionate (27%), oxalic acid 
dihydrate (up to 80 %), and nitrogen containing polymers of methyl 
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acrylate. The reaction of dinitrogen tetroxide with olefins in the 
presence of excess iodine provides additional evidence for the free 
radical nature of the reaction" (equation 33). Iodine traps the 

CH 3 CH—CH 2 + NO a -> ch 3 chch 2 no 2 —ch 3 ch 2 chich 2 no 2 + i 

(33) 

intermediate /3-nitroalkyl radical and /3-nitroalkyl iodides are 
obtained in yields that range from 50-70%. Thus, the modification 
of the nitrogen tetroxide reaction with olefins results in a reaction 
which is useful for synthesis. Nitro olefins are obtained from the 
dehydrohalogenation of /3-nitroalkyl iodides by sodium acetate. A 
compound, l-amino-2-nitrocyclopentanecarboxylic acid ( 45 ), which 
is produced by Aspergillus wentii, regulates the growth of plants. The 
nitroamino acid 45 shows novel chemical properties, and the 
structure is established by synthesis 100 (equation 34). 



( 45 ) 

Complex mixtures of products are obtained by the addition of 
dinitrogen tetroxide to acetylenes 101 . Dinitrogen tetroxide reacts with 
3-hexyne to form five products; cis- and fimr-3,4-dinitro-3-hexene 
(4.5 and 13%, respectively) and 4,4-dinitro-3-hexanone (8%) are 
the only nitro compounds which were found 101 . The other products 
are propionic acid (6%) and dipropionyl (16%). 


D. Dinitrogen Trioxide 

Products containing a nitro group are obtained by the addition of 
dinitrogen trioxide to carbon-carbon double bonds. Cinnamalde- 
hyde 102 reacts with dinitrogen trioxide to form mainly 4-nitro-3- 
phenylisoxazole ( 46 ) (equation 35). Benzalacetone reacts to form a 

O 

II N„0. 

C 6 H 5 CH=CHCH A \ 

o 
II 

c 0 h 5 ch— chch 

NO NO a 

(46) (35) 


-* C 6 H 5 G-cno 2 

NOH GHOH 


C 6 H S |j“ 

N. 


-NOo 


cr 
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nitroso dimer 48 . The dimer is easily converted to 49 in hot alcohol, 
(equation 36). j&-Anisalacetophenone reacts with dinitrogen trioxide 
.on O 

II EtOH || 

C 6 H 6 CH—CHCCH 3 G s H 5 CGH(N0 2 )CCH 3 (36) 

NO NO a _ 2 NOH 

(48) (49) 

to give a nitroso dimer in 15% yield 104 . In hot alcohol, the dimer is 

h 3 co-^ch=c h ^ ^ h 3 co-^-ch-cJ-^> 

N — / NO NO a 




(50) 

converted to the isoxazole 50 (equation 37). The addition of dinitro¬ 
gen trioxide to anethole forms a nitroso dimer 51. The nitroxime 52 
is obtained by heating the dimer in alcohol, but a furoxan 53 is 
produced by heating the dimer in water 103 (equation 38). The 



(52) (53) 

nitroxime 52 is readily converted to the furoxan 53, and Wieland’s 
research delineates the problem of converting the nitroso dimers to 
useful compounds. 

Styrene reacts with dinitrogen trioxide to form a nitroso dimer 105 
which is converted to ®-nitroacetophenone oxime and co-nitroaceto- 
phenone 106 . Camphene reacts with oxides of nitrogen to form 
co-nitrocamphene in 40% yield according to Lipp’s procedure 107 . 
The product from 3,4-dihydronaphthalene and oxides of nitrogen 
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is probably a nitroso dimer. Dissociation and isomerization of the 
dimer to 2-nitro-l-tetralone oxime is accomplished in hot ethanol 
(equation 39), and the oxime is an intermediate for the preparation 
of heterocyclic compounds 108 . The addition of oxides of nitrogen to 



several olefins for the preparation of pseudonitrosites is described 109 . 
The pseudonitrosites are converted to nitroximes in polar solvents 
such as dimethyl sulfoxide and dimethylformamide. Furoxans are 
prepared by the dehydration of nitroximes in concentrated sulfuric 
acid. 

Dinitrogen trioxide reacts with 1-phenylcyclohexene 110 to give 
predominantly 2-nitro-1-phenylcyclohexene (54) after immediate 
workup. When the reaction mixture is allowed to stand for several 
hours, the main product is 3-nitro-2-phenylcyclohexenone oxime 
(55). The reaction furnishes analogs of 54; after reduction and 


NOH 



no 2 

(54) (55) 

acylation, phenanthridine derivatives are available by cyclization 111 . 
Unsaturated nitro compounds are also obtained from the reaction of 
dinitrogen trioxide with 1-phenylcyclopentene and 1-phenylcyclo- 
heptene 110 . 

The preparation of phenanthridines is an adaptation of Bruckner’s 
method for the synthesis of isoquinolines 112 . Decomposition of the 
nitroso dimer 56 yields 57 (equation 40). Reduction, acylation, and 




(56) 


(57) 
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cyclization complete the synthetic sequence to an isoquinoline 

compound. 

£. Nit rosy I Chloride 

Cholesteryl acetate (58) reacts with nitrosyl chloride 113114 to give 
the 5a-chloro-6(3-nitro compound 59 in 92% yield (equation 41). 
This surprising result is supplemented by the observation 114 that the 



(41) 


reaction with pure nitrosyl chloride is slow. In the presence of nitro¬ 
gen dioxide the nitrochloride 59 is formed rapidly, probably by a 
free radical mechanism. Two additional examples of the reaction 


c=c + NO, 


\ . / noci \ 

c—c - > c 

l\ 


/ 


NO, 


/I l\ 

Cl NO, 


with unsaturated steroids 113 are given, and the yields are over 80 %. 

The same product, l-chloro-2-nitro-l,l,2,2-tetrafluoroethane, is 
obtained from the reaction of tetrafluoroethylene with nitrosyl 
chloride or with nitryl chloride 115 . 


F. Nitric Acid 

The nitration of carbon-carbon double bonds with nitric acid is 
applicable to the synthesis of nitro steroids 16,116 . Nitration of 
cholesteryl acetate 117,118 is effected by fuming nitric acid, and 
the yield of 6-nitrocholesteryl acetate (60) is 79 %. In a similar way 
A 4 -cholestene 16,119 affords the unsaturated nitro steroid 61 in 75 % 
yield. The nitration products of A 7 -, A 9(11) -, and A 7,9(11) -unsaturated 
steroids are reported by Anagnostopoulos and Fieser 118 . 

Nitration studies of steroids have been extended to the preparation 
of 6 a- and 6 /j- nitro derivatives of testosterone, progesterone, and 
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A 4 -androstene-3,17-dione 120 . Nitration of pregnenolone acetate ( 62 ) 



(62) (63) 

affords 6-nitropregnenolone acetate ( 63 ) in 62 % yield (equation 42). 

The nitration of a A 3 ' 5 -dienylacetate provides another route to 
nitro steroids 121 . On nitration, the dienylacetate 64 gives 65 in 49 % 



(43) 


(64) (65) 

yield (equation 43). Mild alkaline treatment of 65 yields 6a-nitro- 
cortisone. Demonstrating the utility of the method, 6a-nitrotestos¬ 
terone is available by an analogous sequence of reactions. 

Fluoronitroacetyl chloride, which can readily be converted to its 
derivatives, is prepared by nitration of l,l-dichloro-2-fluoro- 
ethylene 122 (equation 44). 

O 

HNO, II 

HCF=CCI a •-V HGFNOoCCl 

2 h 2 so 4 2 


(44) 
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VI. DISPLACEMENT REACTIONS BY NITRITE IONS 
fi. Silver Nitrite 

|. General nature of the reaction 

Victor Meyer and O. Stiiber discovered the reaction of silver 
nitrite with alkyl iodides in 18 7 2 123 . Nitromethane, nitroethane, 
1 -nitropropane, 2-nitropropane, and nitropentane were prepared, 
and alkyl nitrites were recognized as secondary products of the reac¬ 
tion. Today the reaction of silver nitrite with an alkyl halide, the 
Victor Meyer reaction, is one of the established methods for the 
preparation of primary nitroalkanes 124 125 , arylnitromethanes 128 , 
and a-nitro esters 127 . The reaction is useful for the preparation of 
a,co-dinitroalkanes 128 , but the reaction is not suitable for the prepara¬ 
tion of secondary and tertiary nitroalkanes. The synthesis 129 of 
aristolochic acid (66), a naturally occurring nitro compound which is 
the tumor-inhibitory principle of Aristolochia indica L., includes the 
preparation of 67 ; an appropriate recent application of the Victor 
Meyer reaction. 


NO, 


ho 2 c 



OCH, 



(67) 


2. Stereochemistry and mechanism 

The reaction of silver nitrite in diethyl ether with optically active 
2-bromooctane occurs to give 2-nitrooctane and 2-octyl nitrite with 
inversion of configuration 130 . The role of the nitrite ion as a nucleo¬ 
phile is important, and failure of neopentyl iodide to react under 
conditions which facilitate complete reaction with other primary 
iodides must be attributed to steric conditions which prohibit 
nitrite ion from participating in the reaction 126 . These features are 
characteristic of a process. 

The reaction of silver nitrite with alkyl halides also exhibits 
features which are S A d in character, and this well-known sequence 
of reactivity of alkyl halides, tertiary > secondary > primary, is 
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typical 126 . The study of a series of benzyl bromides with a para 
substituent results in widely differing rates, and the reactivity 
sequence is that which would be expected from a carbonium ion 
process 126 . The difference in the proportion of nitro compound and 
nitrite ester isolated is additional evidence for the carbonium ion 
character of the reaction (Table 5). 

The mechanism for the reaction of alkyl halides with silver nitrite 
is one in which the transition state has both S^l and S v 2 character, 
the extent of which is dependent on the structure of the halide. 
Products of the reaction reflect the variation in nature of the transi¬ 
tion state. Nucleophilic attack by nitrite ion on carbon, and electro¬ 
philic attack by the silver cation on the halogen of the alkyl halide 


Table 5. Reaction of silver nitrite with benzyl bromides 126 . 


Bromide 

Half-life 

minutes 

Nitro compound 
yield, % 

Nitrite ester 
yield, % 

/i-Nitro benzyl 

180 

75 

5 

Benzyl 

16 

61 

28 

/j-Methylbenzyl 

1 

45 

37 

^-Methoxybenzyl 

very small 

26 

55 


are essential features of the process. Formation of the silver-halogen 
bond provides the driving force for the Victor Meyer reaction; 
sulfonate esters fail to react with silver nitrite 126 . 

There is agreement that the mechanism for the reaction of silver 
salts with alkyl halides must inscribe both S^l and S iV 2 properties 131 . 
An excess of nitrate ion accelerates the reaction of silver nitrate with 
ethyl iodide, but the yield of products, ethyl nitrate and nitric acid, 
is independent of the concentration of nitrate ion 132 ' 133 . This requires 
that the rate-determining step and product-determining step be 
different. An ion-pair mechanism accommodates these observa¬ 
tions 132 (equation 45). 


X- + Rl + Ag+ 


> [X R+lAg] 


> RX 

> HX + Olefin 


(45) 


3. Synthesis 

The reaction of silver nitrite with primary alkyl iodides or bromides 
is an excellent method for the preparation of primary nitroal- 
kanes 124,126,134 with the exception of neopentyl iodide 126 . The 
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reaction fails with primary alkyl chlorides. The difference in re¬ 
activity of alkyl halides with silver nitrite is of interest, and several 

a-fluoro-cw-bromoalkancs are converted to a-fluoro-co-nitroalkanes 135 . 

The success of the Victor Meyer reaction is closely related to the 
structure of the halide, and it is apparent from the data in Table 6 
that secondary alkyl iodides or bromides are not suitable for the 
preparation of secondary nitroalkanes 136 . Branching of the carbon 


Table 6 . Synthesis of nitro compounds by the 
Victor Meyer reaction. 


Nitro compound 

Yield 

% 

RX 

X 

Reference 

n-C 4 H 9 N0 2 

73 

Br 

125 

W-G 5 H 11 NO 2 

67 

Br 

124 

«-C 8 H 17 N0 2 

80 

Br 

134 

(ch 3 ) 2 chch 2 ch 2 no 2 

72 

Br 

125 

(ch 3 ) 2 chch 2 no 2 

59 

I 

125 

(CHg) 2 CHN0 2 

19-26 

Br 

136 

CH 3 GH 2 GH(CH 3 )N0 2 

19-24 

Br 

136 

(CH 3 CH 2 CH 2 ) 2 CHN0 2 

7-15 

Br 

136 

CH 3 (CH 2 ) b CH(CH 3 )N0 2 

17-23 

Br 

136 

G 6 H 8 CH(GH 3 )N0 2 

18 

Br 

136 

O 2 N(CH 2 ) 10 NO 2 

50 

I 

128 

F(CH 2 ) 6 N0 2 

73 

Br 

135 

GH 3 GH(N0 2 )G0 2 G 2 H 8 

80 

r 

127 


chain is accompanied by a striking decrease in the yield of the nitro 
compound. With secondary bromides or iodides the products are 
mainly nitrite esters and olefins, and the small amounts of nitro 
compounds that are produced are contaminated with nitrate esters 
which are removable only by a chemical separation attended by loss 
of product. 

The reaction of tertiary halides with silver nitrite for the prepara¬ 
tion of nitro compounds is worthless 136 . Instead of nitro compounds, 
alkyl nitrites, olefins, and adducts of olefins with oxides of nitrogen 
are produced. Reaction of camphene hydrochloride (68) with silver 
nitrite 137 , and reduction of the mixture, in which the presence of the 
nitro compound 69 is assumed, affords 70 in low yield (equation 46). 
The reaction of bornylamine hydrochloride in acetic acid with sodium 
nitrite furnishes 69, which is isolated and reduced to 70. Oxidation 188 
of the amine 70 with potassium permanganate yields the nitro 
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compound 69. Though not of preparative value, the synthesis of 69 
by two routes, both requiring a carbonium ion intermediate, is novel. 

a-Nitro esters are obtained only from the corresponding K _ 
iodoesters with silver nitrite. The reaction is slow, but the yields are 
satisfactory 127 . Arylnitromethanes are available by the Victor Meyer 
reaction (Table 5). The reaction of silver nitrite with oc,co-diiodo- 
alkanes forms oc,a)-dinitroalkanes in 37-50 % yields 128 . 

Preparation of l-amino-5-nitropentane involves the treatment of 
71 with silver nitrite at elevated temperatures 139 . Cleavage of 72 



(71) (72) (47) 

with hydrazine furnishes 1-amino-5-nitropentane (equation 47). 
The reaction of l-benzoylamino-5-iodopentane with silver nitrite 
in a similar way provides l-benzoylamino-5-nitropentane in 73% 
yield 140 . Blocking the reactive functional group enhances the scope 
of the Victor Meyer reaction. 

The reaction of allyl bromide with silver nitrite leads to the 
corresponding nitro compound in 55% yield 15 . Epiiodohydrin and 
silver nitrite yield l-nitro-2,3-epoxypropane. Similarly, l-nitro-2,3- 
epoxybutane and 3-nitro-1,2-epoxybutane are prepared in 70 and 
72 % yield, respectively 141 . 


4. Experimental conditions 

The optimum temperature range for the Victor Meyer reaction is 
0° to room temperature. Elevated temperatures must be avoided, 
and the reactions of silver nitrite with 2-bromooctane 142 and 2- 
iodobutane 143 are illustrative. These reactions were completed on 
the water bath, presumably near the boiling point of benzene. 
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Kornblum and coworkers precisely defined the complex mixture of 
products from these reactions 144 - 146 . Silver nitrite decomposes above 
80°, and silver nitrate js formed (equation 48). Silver nitrate reacts 
2 AgNO a -> AgN0 3 + Ag + NO (48) 

with an alkyl halide to form an alkyl nitrate which is not separable 
from the nitroalkane by fractional distillation. 

Alkyl nitrites, by-products of the Victor Meyer reaction, are 
thermally unstable 146 . For instance, the thermal decomposition of 
optically active 2-octyl nitrite 147 at 100° yields 2-octanone and 
optically pure 2-octanol (equation 49). The intermediate free 

ONO O OH 

I .11 I 

2 CH 3 (CH 2 ) 5 CHCH 3 -> CH 3 (CH 2 ) 5 CCH 3 + CH 3 (CH 2 ) b CHCH 3 + 2 NO (49) 

6 

CH 3 (CH 2 ) c CHCH 3 

(A) 

radical (A) does not racemize. 

At elevated temperatures the products of the reaction of silver 
nitrite with 2-bromooctane are mainly 2-nitrooctane and 2-octyl 
nitrite; by-products are 2-octyl nitrate, 2-octanone, and 2-octanol 144 . 
Similarly, the reaction of silver nitrite with 2-iodobutane forms 
2-nitrobutane, 2-butyl nitrite, 2-butyl nitrate, 2-butanol, and 
butanone 148 . 

Silver nitrite 134 is suspended in anhydrous diethyl ether, the most 
suitable medium; although benzene, hexane and petroleum ether 
are satisfactory. Silver nitrite is soluble in acetonitrile, but unde¬ 
sirable side-reactions may destroy the product 148 . The instability of 
silver salts and alkyl nitrites to light requires that the reaction be 
protected from light until the separation of products has been com¬ 
pleted. Experimental procedures published since Kornblum’s work 
in 1947 are the best procedures for the Victor Meyer reaction 
(Tables 5 and 6). 


B. Alkali Metal Nitrites 

1. General nature of the reaction 

Use of the alkali metal nitrites in place of silver nitrite for the 
preparation of nitroalkanes requires that both nitrite and halide be 
in solution 149,150 . Although lithium nitrite is more soluble than 
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sodium nitrite in the solvents that are used, sodium nitrite is em¬ 
ployed because of its availability. Dime thy lformamide is the opti¬ 
mum solvent; dimethyl sulfoxide is useful with certain limitations, 
and ethylene glycol is clearly a poorer choice (equation 50). Primary 

NaNO, 

RCH 2 CH 2 Br - - ■ > RCH 2 CH 2 N0 2 + RCH 2 CH 2 ONO (50) 

and secondary alkyl iodides and bromides, as well as sulfonate esters, 
are satisfactory for the preparation of primary and secondary 
nitroalkanes. The reaction of alkyl chlorides with sodium nitrite is 
too slow to be useful. Use of (-butyl halides with sodium nitrite for 
the preparation of nitro compounds is worthless. The modified 
Victor Meyer reaction is applicable to the synthesis of a-nitro 
esters 151,152 and /3-nitrokctones 153 . Failure of cyclohexyl bromide to 
react with sodium nitrite to form nitrocyclohexane is a serious 
limitation 150 which precludes the application of the modified Victor 
Meyer reaction to the synthesis of nitro steroids 16 . 

2. Mechanism 

In dimethylformamide the reaction of sodium nitrite with primary 
or secondary alkyl bromides forms the nitroalkanes in yields of 
55-60%; the nitrite esters are formed in yields of 30-33%. The 
reaction of an alkyl bromide with nitrite ion is, not unexpectedly, a 
S jV 2 reaction 148,149,126 . The application of the modified Victor Meyer 
reaction should succeed where S ;V 2 reactions may be operative. 
Failure of trans- 1,4-cyclohexanediol fc-/>toluencsulfonate to react 
with sodium nitrite in dimethylformamide is attributed to the 
presence of large leaving groups in the equatorial position and 
consequent crowding by axial hydrogens which hinder attack by the 
nitrite ion 154 . A reaction does occur between cyclohexyl iodide and 
sodium nitrite; cyclohexene is isolated in 57% yield 150 . Ethyl 
oc-bromoisobutyrate 161 and a-bromoisobutyronitrile 148 react to form 
73 and 74 in 78 % and 50 % yields, respectively. 

(gh 3 ) 2 ggo 2 g 2 h 6 (gh 3 ) 2 cgn 

no 2 no 2 

(73) (74) 

The rate of reaction of re-butyl bromide with sodium nitrite is one 
thousand times faster in dimethylformamide than in ethylene 
glycol 148 . Destruction of the nitroalkane under conditions of the 
reaction emphasizes the importance of a rapid reaction for the 
synthesis to be useful. Nitrocyclopentane is converted to the pseudo- 
nitrole 75 in the presence of nitrite ester and nitrite ion 165 (equation 
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no 2 

(75) 


51), and oc-nitro esters under similar conditions are degraded to 
oc-oximinoesters 161 . 

The nitrocyclobutene 77 is prepared in 54 % yield by the reaction 
of 1-phenyl-3,3-difluoro-4,4-dichlorocyclobutene (76) with sodium 
nitrite 166 (equation 52). Cyclobutenyl halides undergo S*2' dis¬ 
placement reactions 157 , and Breslow and coworkers report the first 



example of the nitrite ion reacting in a .S^' process. Another 
interesting example is the reaction of 2,2-dichloro-3-phenylcyclo- 
butenone (78) with sodium nitrite to give the nitrocyclobutenone 
79. The infrared spectrum shows a hydroxyl band at 2.83 ft, 
carbonyl absorption at 5.60 /u, and no bands characteristic of a 
nitro group. The nmr spectrum shows live phenyl protons at <5 7.7 
and one proton at 5 11.1. These spectra require that the ad-nitro 
structure 80 be assigned to the product 158 (equation 53). There is a 



( 81 ) 
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possibility that a rearrangement may have occurred, and 81 also 
conforms to the physical data 166 . 


3. Synthesis 

Higher yields of primary nitro compounds are obtained by the 
reaction of silver nitrite with primary alkyl bromides or iodides than 
by the use of sodium nitrite. However, the yields are adequate with 
sodium nitrite (Table 7) and the availability and convenience of 


Table 7. Synthesis of nitro compounds with sodium nitrite. 


Nitro compound 

Yield 

% 

RX 

X 

Reference 

l-Nitroheptane 

60 

Br 

150 

1-Nitrooctane 

60 

I 

150 

1-Nitrooctane 

45 

tosylate 

149 

l-Nitro-3-phenylpropane 

58 

i 

150 

Nitrocyclopentane 

57 

Br 

150 

Nitrocyclohexane 

0 

I 

150 

Nitrocycloheptane 

58 

I 

150 

Ethyl a-nitrocaproate 

74 

Br 

151 

Ethyl a-phenyl-a-nitroacetate 

70 

Br 

152 

2-Nitrooctane 

58 

Br 

150 

4-Nitroheptane 

61 

Br 

150 

Phenylnitromethane 

55 

Br 

150 

1,4-Dinitrobutane 

33 

Br 

164 

1,6-Dinitrohexane 

42 

Br 

164 

4-Nitro-2-butanone 

47 

Cl 

153 

1-Nitro-3-pentanone 

48 

Cl 

153 

2-Nitropropiophenone 

87 

Br 

153 


sodium nitrite make the two methods equally satisfactory. The yields 
of secondary nitroalkanes by the reaction of sodium nitrite with 
secondary alkyl bromides are substantially higher than those from 
the reaction with silver nitrite. In the preparation of a-nitro esters 
sodium nitrite is again superior to silver nitrite which requires the 
unavailable a-iodesters, whereas sodium nitrite reacts with a-chloro 
and a-bromoesters. 

,4-Bromo-l-butene reacts with sodium nitrite in dimethyl sulfoxide 
to yield 4-nitrobut-l-ene, an intermediate necessary for the synthesis 
of sinigrin 158 . Thus, unsaturated alkyl bromides react to form nitro 
compounds, but there is scant information about the reaction of 
allyl halides with sodium nitrite. Sodium nitrite does not react with 
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g^-bromotestosterone to form a nitro steroid 120 ; the product of the 
reaction, if any, is not reported. 

Sodium nitrite reac.ts with /S-propiolactone 159 to form sodium 
3 -nitropropionate; the nitro acid is isolated in 47 % yield. The 
3 -nitropropionic acid, one of the few naturally occurring nitro com¬ 
pounds, is the toxic principle 160 of Indigofer a endicaphylla Jacq. 
Methyl y-nitrovalerate is hydrolyzed to y-nitrovaleric acid by con¬ 
centrated hydrochloric acid in 92 % yield 161 . 

The reaction of ethylene oxide with aqueous barium nitrite is not 
useful for the preparation of 2-nitroethanol 162,163 . Gyclohexene oxide 
reacts with diisopropylammonium nitrite to furnish trans-2-nitxo- 
cyclohexanol in 23% yield 163 . The conversion of l-iodo-2,3-epoxy- 
butane to l-nitro-2,3-epoxybutane in 70 % yield 141 indicates that the 
oxide ring is, for the most part, resistant to attack by nitrite ion. In 
aprotic solvents in which the reactions of alkali nitrites must be done, 
the first intermediate from a reaction with an oxide could reasonably 
be expected to eliminate nitrite ion and revert to reactant. 

The reaction of <x,a>-dibromoalkanes with sodium nitrite provides 
oc,co-dinitroalkanes 164 in low yields (29-42%), and the preparation 
of a,co-dinitroalkanes by this method is inferior to the preparation by 
the Victor Meyer reaction 165 . In addition to the limitations which have 
already been discussed, the modified Victor Meyer reaction has 
several other deficiencies. Ethyl bromoacetate reacts with sodium 
nitrite to form the furoxan 82 in 48% yield 166 ; usually the reaction 
of homologs is successful for the synthesis oc-nitro esters 151 . The 
reaction of 21-iodoprogesterone with sodium nitrite does not form 
21-nitroprogesterone 167 , and the product of this reaction is not 
reported. There is little information available on the reaction of 
a-haloketones with sodium nitrite. The reaction of %nitrobenzyl 
bromide with sodium nitrite 166 forms />-nitrophenylnitromethane in 
22% yield and the furoxan 83 in 31 % yield. At the same time the 
/>-nitro benzyl nitrite 166 that is formed undergoes degradation with 
surprising ease to j!>-nitrobenzaldehyde (24% yield) and the acetal 
(72 % yield) of />nitrobenzaldchydc with j!>-nitrobenzyl alcohol. 
Presumably, similar difficulties were encountered by Muth and 
coworkers 168 . The reaction is satisfactory with benzyl bromide itself, 


co 2 c 2 h 6 / co 2 c 2 h 5 

n 

° o 


c 6 h 4 no 2 c 6 h 4 no 2 


N_ 


o 


(82) 


(83) 
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and phenylnitromethane is obtained in 55 % yield. Functional 
groups that increase the acidity of the desired nitro compound in 
comparison to a nitroalkane or arylnitroalkane, facilitate a nitrosa- 
tion reaction which destroys the product 166 . When long periods of 
reaction are necessary or when the product is susceptible to nitrosation, 
phloroglucinol is added to scavenge the nitrite ester. 

The reaction of sodium chloroacetate with sodium nitrite furnishes 
nitromethane 160 in 38 % yield, but the reaction is not suitable for the 
preparation of homologs 150 . 


4. Experimental conditions 

Dimethyl sulfoxide and A r , A r -dimethy 1 formamidc dissolve appreci¬ 
able quantities of the alkali metal nitrites and are the optimum 
solvents for the modified Victor Meyer reaction. Some halides re¬ 
act with dimethyl sulfoxide 170 (equation 54) and the references in 


O OO 

II DMSO II || 

C g H 5 CCH 2 Br-> C 6 H 6 CCH 


(54) 


Table 7 will be useful in selection of the proper solvent.' The solu¬ 
bility of sodium nitrite is increased substantially by the addition of 
urea, but the addition of urea does not increase the solubility of 
potassium nitrite comparably. Lithium nitrite is the most soluble in 
dimethylformamide, but is not commerically available. Treatment 
of lithium carbonate with perchloric acid yields lithium perchlorate, 
and addition of potassium nitrite results in the precipitation of 
potassium perchlorate. After removal of the precipitate, lithium 
nitrite is isolated from the filtrate 148 . 

The reaction of sodium nitrite with alkyl halides is slightly exo¬ 
thermic, and the reaction is usually maintained at room temperature. 
Lower temperatures ( — 15° to —20°) are necessary in the prepara¬ 
tion of phenylnitromethane. It is important that the products of the 
modified Victor Meyer reaction be isolated promptly when the 
reaction is over. The amount of time for the reaction is dependent on 
the structure of the halide, and these details are to be found in the 
references given in Table 7. 


VII. POLYNITRO COMPOUNDS 

Several methods of preparing polynitro compounds are described in 
other sections of this chapter, and a preparation of grm-dinitro 
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compounds is presented in section II.A. Formation of a dinitro 
compound by oxidation of a diamine is reported in section III.B. 
Synthesis of a,ft>-dinitro. compounds by the alkyl nitrate nitration 
process are described in section IV.A. The conversion of olefins to 
1 2-dinitro compounds is related in section V.C. The preparation of 
a a)-dinitroalkanes by the Victor Meyer reaction (section VI.A.) 
and by the modified Victor Meyer reaction (section VI.B.) from 
oc,co-dibromoalkanes has also been described. The synthesis of ali¬ 
phatic polynitro compounds is the subject of a recent review 171 . 


A. ter Meer Reactions 


In 1876, ter Meer published a convenient method for the synthesis 
of grm-dinitro compounds. He described the reaction of sodium 
nitrite with 1-bromo-l-nitropropane, which provided 1,1-dinitro- 
propane, and he also prepared 1,1-dinitroethane 172 . Earlier, Meyer 
and Raillet had observed that the sodium salt of nitroethane bromi- 
nated readily 123 . Chlorination 173 of nitroethane in aqueous sodium 
hydroxide affords 1-chloro-l-nitroethane in a conversion of 95%. 
The ter Meer reaction with 1-chloro-l-nitroethane followed by an 


Cl 

I 

CHo—C—NO a 

I 

H 


1. K 2 CO s , NaNO a 
1. H+ 


> CH 3 CH(N0 2 ) 2 


CH„0 


-> CH 3 C(N0 2 ) 2 CH 2 0H • 
(55) 


aldol condensation with formaldehyde at a pH of seven produces 
2,2-dinitropropanol in an overall yield of 60 % from nitroethane 174 
(equation 55). Synthesis of a,a,co,co-tetranitroalkanes is another 
useful application of the ter Meer reaction 175 . The disodium salt of 
1,4-dinitrobutane is brominated quantitatively to 84, consisting of a 


1. KOH, KNO, 

()„ NI IC (CII,),C11N O, -V 

I I 2 - H+ 

Br Br 


(0 2 N) 2 HC(CH 2 ) 2 CH(N0 2 ) 2 


(56) 


(84) 


(85) 


mixture of diastereoisomers. Subsequent reaction with potassium 
hydroxide and potassium nitrite furnishes 85 after acidification in a 
yield of 28 % (equation 56). 

The mechanism of the ter Meer reaction has been established by 
Hawthorne 178 . Reaction of 1-chloro-l-nitroethane with nitrite ion 
occurs through the isomerization of the chloronitroethane to its 
act -nitro isomer, and a nucelophilic displacement of chloride by 
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nitrite ion completes the reaction (equation 57). The reaction is | 

inhibited by excess strong base; therefore the nitronic acid must be I 

Cl Cl | 

CH 3 —C!—H + i\0 2 — ^ R—c- + HNO a : v . v | 

NO,- NO a ! 

Cl () NO, O 1 

I +/ I +/ 

R—C N + NO,- -> R—C=N +-C1- (57) i 

\ \ 1 

OH Oil ; 

present. At high nitrite ion concentrations, the reaction shows a 
first-order dependence on both nitrite ion and chloronitroethane. j 
The rate-determining process is the ionization of chloronitroethane 
catalyzed by nitrite ion. When 1-chloro-l-nitroethane-l-d is used, 
a primary kinetic isotope effect of 3.3 is obtained. 


B. Kaplan-Shechter Reaction 
I. General nature of the reaction 


Preparation of gem-dinitvo compounds by the reaction of salts of 
primary or secondary nitro compounds with silver nitrate and in¬ 
organic nitrites in alkaline or neutral media is a recent discovery by 
R. B. Kaplan and H. Shechter 177 (equation 58). The oxidative 

R 2 C=N0 2 - + 2 Ag+ + NO z --> R 2 C(N0 2 ) 2 + 2 Ag (58) 

nitration reaction is an excellent method for the synthesis of gem- 
dinitroalkanes, and the new reaction is successful for hindered 
compounds. The reaction is not effective with nitro compounds 
which have an electron withdrawing group alpha to the carbon 
bearing the nitro group 166 (equation 59). A comparison of the ter 


R 

C=N0 2 - + 2 Ag+ + NOjj— 
R' 




R = Alkyl 

R' = C0 2 R, GN, C0NR 2 , or 0=0 


(59) 


Meer reaction and the Kaplan-Shechter reaction has been pub¬ 
lished 174 . 


2. Mechanism 

Kaplan and Shechter propose that the reaction occurs by forma¬ 
tion of a complex salt, the steric nature of which favors decomposition 
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to the dinitro compound (equation 60). 

or 

- I + 

N-O 

NO, / \ _ 

R 2 C=N0 2 R 2 C Ag Ag T - > R 2 C(N0 2 ) 2 + 2 Ag (60) 

s ysi-o 7 

o 

The Kaplan-Shechter reaction has been modified to an electrolytic 
process 178 . The following reactions occur in the electrolytic cell 
(equation 61). Wright and Levering 178 propose that an intermediate 

Anode 

2 Ag -> Ag+ + 2e 

Anode compartment 

2 Ag+ + GH 3 G=N0 2 - + NO a “ -> 2 Ag + CH 3 C=N0 2 - + H+ (61) 

H NO a 

Cathode 

2 H a O + 2e -> 2 OH- + H 2 

complex, which contains nitrite, ethyl nitronate, and silver ions in a 
mole ratio of 1:1:2, is formed (equation 62). 


CH, 


H 

l^N —O— Ag 

-cr o K 

N^O^Ag 


CH„ 




Ag 


N=OAAg 

O 


CH 3 CH(N0 2 ) 2 + 2Ag 
(62) 


Association of the nitrite ion with silver, which is already associated 
with nitroethane, is essential to account for the specificity of C—N 
bond formation. The silver ions are probably coordinated with water 
or hydroxyl ions in a four coordinated tetrahedral structure, and 
decomposition of the complex by hydrogen ions permits the forma¬ 
tion of an intermetallic bond between two favorably located silver 
atoms with a resultant redistribution of the electrons. According to 
these concepts the driving force for the reaction is the formation of the 
silver dimer. 

The mechanism of the Kaplan-Shechter reaction has not been 
studied intensively. Both of the suggested mechanisms invoke the 
internal delivery of nitrite ion via a complex salt to explain the 
exclusive formation of the G—N bond. Silver nitrate and mercuric 
nitrate are the only effective oxidizing agents for the preparation of 
gem-dinitro compounds 177 by this method. 
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3. Synthesis 

Yields in the oxidative nitration reaction vary from 60 to 95%. 
The preparation of primary, secondary, and functionally-substituted 
dinitro compounds are reported 177 . Typical examples are the 
synthesis of 1,1-dinitropropane, 2,2-dinitrobutane, 1,1-dinitro- 
cyclohexane, 2,3-dimethyl-2,4,4-trinitropentane, methyl 3,3-dinitro- 
propionate, and 1 -cyclopropyl- 1,1-dinitroethane. The reaction of 
phenylnitromethane with silver nitrate and sodium nitrite, in 
alkaline solution yields four products: phenyldinitromethane (19 %), 
mejo-l,2-dinitro-l, 2-dip henylethane (12 %), d.,1- 1,2-dinitro-1,2-di- 
phenylethane (25%), and benzaldehyde (36%). The oxidation of 
2-nitro-1,3-propanediol forms 2,2-dinitro-1,3-propanediol (70-80% 
yield), which undergoes a reverse aldol reaction in alkaline solution 
to furnish dinitromethane. 

The direct Kaplan-Shechter reaction fails on a,co-dinitro com¬ 
pounds in which the nitro groups are not separated by at least four 
methylene groups 166 , but with 1,6-dinitrohexane and 1,7-dinitro- 
heptane the yields of tetranitro products are 84 and 89 %, respectively. 
The technique of converting primary nitro compounds to secondary 
nitro derivatives broadens the scope of the new reaction 176 . The 
aldol condensation of 1,4-dinitrobutane with formaldehyde yields 
the aldol 86, which is not isolated. Addition of silver nitrate and 
sodium nitrite to 86 produces 87. The reverse aldol reaction is 
effected in alkaline media, and after acidification, 1,1,4,4-tetra- 
nitrobutane is isolated in an overall yield of 49% (equation 63). 

H H CH„OH GHpOH 

I I ch 2 o - I I 

0 2 N=C(CH a ) 2 C=N0 2 - ——> 0 2 N=C(CH 2 ) 2 C=N0 2 - 

( 86 ) 

no 2 no 2 

AgNOg I I 

86 -HOH„GC(GH„) a C—CH„OH (63) 

NaNOj 2 | v 22 | 2 

NOj N0 2 

(87) 

l.OH- 

87 — > (N0 2 ) 2 HC(CH 2 ) 2 CH(N0 2 ) 2 

In some instances the Kaplan-Shechter reaction takes an ab¬ 
normal course 177 . Only partial nitration may occur. Thus oxidative 
nitration of 88 furnishes 89, a trinitro compound, instead of the 
expected tetranitro product (equation 64). Oxidative nitration of 


Formation of the Nitro Group in Aliphatic and Aiicyclic Systems 
I GH„ 


339 


I AgNO, I 

-0„N=C—C-G=NO,- -HG—G—CH„NO„ (64) 


NaNOn 


H GH 3 H 


(88) (89) 

salts of 1,1 -dinitro compounds to the corresponding 1,1,1-trinitro 
derivatives does not occur. 


4. Experimental conditions 

The experimental procedures appear to be quite simple in the 
original publication 177 . 

The oxidative dimerization of secondary nitroalkanes is also 
described by Kaplan and Shechter 180 . For example, the oxidation of 
sodium 2-propanenitronate with sodium persulfate at a pH of 9.4- 
7.2 produces 2,3-dimethyl-2,3-dinitrobutane in 53 % yield. Per¬ 
sulfates are the most effective agents for the dimerization and 1,T- 
dinitrobicyclohexyl is obtained in 30 % yield from nitrocyclohexane 
and ammonium persulfate in alkaline solution. 


C. Oxidation of Pseudonitroles 

The oxidation of pseudonitroles is a well-known reaction which can 
be effected by a large number of oxidants. Chromium trioxide in 
acetic acid, nitric acid, hydrogen peroxide, peroxytrifluoroacetic 
acid, or oxygen are oxidizing agents that have been employed. As 
an illustration, ethyl a-oximinobutyrate (90) is added to a cold 
solution of 100% nitric acid containing ammonium nitrate. The 
pseudonitrole 91 is obtained in 93 % yield. Air oxidation of the 
pseudonitrole forms the a,oc-dinitro ester 92 in 64% yield 181 (equa¬ 
tion 65). The sequence of reactions is successful for the preparation 
NOH NO N0 2 

HNO. I O, 

CH a CH 2 CC0 2 C 2 H 5 -->- GH 3 CH CC0 2 C 2 H 6 —> CH 3 CH 2 CC0 2 C 2 H 6 (65) 

no 2 no 2 

(90) (91) (92) 

of a,a-dinitro esters. However, Noland and Libers 182 report the 
oxidation of pseudonitroles to gCT«-dinitro compounds in low yields 
that vary from 5-20 %. 

D. Other Methods 

Polynitro compounds may form by internal displacement reactions. 
The nitrate ester 93 is among the products formed by the reaction of 
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camphene with dinitrogen tetroxide 183 (equation 66). Treatment of 
93 with a solution of potassium hydroxide yields 10,10-dinitro-2- 
hydroxycamphane (94) after acidification. The internal redistribu¬ 
tion of nitro groups is described by Novikov and coworkers 184 . Thus, 

ONO a 
CH 2 NOo 
(93) 

1,1,1,3-tetranitropropane (95) rearranges to 1,1,3,3-tetranitro- 
propane (96) with ammonia. The structure of the by-product 97 

1. NH. + 

(0,N)„CCH,CH„N0„ -K-0„N=CCH„CL=N0 9 K+ NO,' IC+ 

2. KG, 2 I 2 1 II 

(95) N0 2 NO a + 0 2 NC—GH 2 GH 2 N0 2 

H»SO, 

-(0 2 N) 2 HCCH 2 GH(N0 2 ) 2 + (0 2 N)HG=GHGH(N0 2 ) 2 (67) 

(96) (97) 

is established by synthesis 185 , and the formation of 96 must occur by 
an intramolecular nucleophilic displacement reaction (equation 67). 

The oxidation 154 of 1,4-cyclohexanedione dioxime (98) with 
peroxytrifluoroacetic acid affords an isomeric mixture of 1,4- 
dinitrocyclohexanes (99) in 44% yield (equation 68). Oxidation 
of 1,3-cyclohexanedione dioxime to the corresponding dinitro 

NOH 

CFjCOjH 

-► 

NOH 

(98) (99) 

compound occurs in low yield. 

VIII. MISCELLANEOUS METHODS 

Vapor phase nitration 12 of bicyclo[2.2.1]heptane at 400° with con¬ 
centrated nitric acid furnishes 1-nitrobicyclo[2.2.1]heptane ( 100 ). 
Nitration of adamantane in acetic acid with nitric acid at 140° 
affords 1-nitroadamantane (101) in 77% yield 186 . Oxidation of 1- 
aminoadamantane with potassium permanganate is another route 
to 101 187 . The liquid phase nitration of bicyclo[2.2.1]heptane at 






( 66 ) 
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( 100 ) 


( 101 ) 


l 50-200° in carbon tetrachloride with nitrogen dioxide yields 
mainly 2-nitrobicyclo[2.2.1]heptane 188 . The syntheses of 100 and 
101 appear to be the only examples of nitration at the bridgehead 
position 189 . Synthesis of a bridgehead nitro compound by an internal 
alkylation reaction 29 is described in section II.B, and the rearrange¬ 
ment of 2-bromo-2-nitrobornane to 1-nitrocamphene provides a 
route to several bridgehead nitro derivatives 190 . Bridgehead nitro 
compounds are of interest for conversion to amines, following the 
discovery of the viruscidal properties of 1-aminoadamantane. 

Nitration of cyclopropane in the vapor phase with nitric acid at 
temperatures of 390-410° and with dinitrogen tetroxide at atmos¬ 
pheric pressure in the gas phase at 420-455° furnishes nitrocyclo- 
propane 191 . Unlike secondary nitroalkanes, nitrocyclopropane does 
not dissolve in strong aqueous bases, and it does not form salts in 
homogeneous alkaline media at 25°. Nitrocyclopropane derivatives 
have been prepared by several methods. Diphenyldiazomethane 
adds to nitroethylene to give l-nitro-2,2-diphenylcyclopropane. 192 
Cyclization reactions applicable to the synthesis of a cyclopropane 
ring 193,194 yield 2-nitrocyclopropyl ketone ( 102 ) and the nitro 
compound 103. 


O 



NO, 

( 102 ) 



Nitration of optically active 3-methylheptane with nitrogen 
dioxide in the liquid phase yields racemic 3-methyl-3-nitroheptane 189 . 
Nitrogen dioxide abstracts a hydrogen atom from 3-methylheptane 
to form the 3-methyl-3-heptyl radical which is then converted to 
racemic 3-methyl-3-nitroheptane. Nitration of cis- and trares-decalins 
with nitric acid in the liquid phase yields trails-9-mi rodec.alin as the 
main tertiary nitration product 189 . ISfitration of cis- and trans- 
hydrindanes yields the same 8-nitrohydrindane 189 . Thus, nitration 
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occurs preferentially, but not exclusively, at tertiary carbon atoms 
It is worthy of note that these nitrations occur without skeletal 
rearrangement. 

Reaction of 104 in acetic acid and acetic anhydride with sodium 
nitrite affords l,2-diphenyl-3-nitrocyclopropene (105) or 2,3- 
diphenyl-2-cyclopropenyl nitrite (106) in 67 % yield 155 (equation 69), 


C r Hs 


c oH 5 



H O 

i II 

N—C— N— CH, 


H 


CH, 


(104) 


NaNOj 

-> 

Ac OH 


(69) 



The infrared spectrum suggests the nitrocyclopropene structure, and 
the nmr spectrum also supports the same structure. The ultraviolet 
..^spectrum is characteristic of a 1,2-diphenylcyclopropene. That the 
'compound is not a dimer is revealed by its mass spectrum. Chemical 
reactions of the product are difficult to interpret because of the ease 
with which the cyclopropenyl cation may be expected to form. The 
method of synthesis favors the nitrite 106, although another car- 
bonium ion under similar circumstances gave a nitro compound in 
low yield 137 . 1,2-Diphenylcyclopropenyl perchlorate on treatment 
with sodium nitrite in acetic acid and acetic anhydride gave a 
quantitative yield of 105 or 106. The evidence is not sufficiently 
conclusive to distinguish between the two structures at the present 
time. Thus, the structure does not necessarily follow from synthesis, 
and the product may be a nitro compound with novel properties. 
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I. INTRODUCTION 

The nitronic acids, or an-nitro compounds, R 1 R 2 G=N0 2 H, are an 
important group of organic acids. They may be characterized as 
rather unstable substances and good oxidizing agents, as are their 
esters. Most are relatively weak acids (p Kf ci 2-6) resembling 
carboxylic acids in acid strength. They are somewhat unique among 
organic acids of this strength in that their chemistry is closely linked 
with that of a stable tautomeric form, the parent nitroalkane. The 
nitro and aci forms share a common anion. This relationship, 
fundamental to nitronic acid chemistry, is illustrated with phenyl- 
nitromethane 1,2,3 . The equilibria of equation (1) illustrate the 
phenomenon of aci -nitro tautomerism. 


O- 


C fi H,CH,NO, 


-H+ 


c 6 h 5 ch=n: 


OH 


H+ 


c 6 h 5 ch=n 


\ 


o 

B.p. 100° (8 mm) 

Phenylnitromethane Phenylmethanenitronate 

Nitro compound Nitronate anion 


O 

M.p. 84° 

Phenylmethanenitronic acid 
Nitronic acid (aci form) 



The nomenclature of nitronic acids has often been a matter of 
discussion 4,5 . The term nitronic acid {nitronsdure) was introduced by 
Bamberger 6 . However, use of the prefix aci before the nitro com¬ 
pound name, a concept introduced by Hantzsch a few years later 7 , 
achieved much wider use for many years. The general term aci was 
taken to mean the tautomeric, more acidic form of a pseudo acid. A 
pseudo acid is one whose proton is removed slowly 7 ; a nitroalkane'is 
a pseudo acid 8 . The prefix Ao°, and sometimes incorrectly pseudo , 
before the nitro compound name to indicate the nitronic acid form 
were widely employed for many years (Aonitro listings are found in 
Chemical Abstracts through 1946). 

The nitronic acid naming system is now more widely accepted 5,10 . 
As pointed out originally by Bamberger 6 , and later by Hass 5 , it 
follows more closely the systematic naming of other organic acids and 
derivatives. It also clearly recognizes the identity of these substances 
as genuine organic acids. The naming of derivatives such as salts, 
esters, and anhydrides follows systematically. The aci -nitro term 
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employed only as a prefix 1112 does not readily adapt itself to naming 
these derivatives. 

The nitronic acid function is N0 2 H; as a suffix it is called 
nitronic acid. If a prefix is required aci -nitro may be used 1112 . For 
example, butane-2-nitronic acid = 2-aa-nitrobutane. However, the 
prefix nomenclature should be avoided with nitronic acids, as it is 
with carboxylic acids. 

It is suggested that the two possible types of nitronic acids, 
RCH=NO a H and R 1 R 2 CH=N0 2 H, derived from primary and 
secondary nitroalkanes, be designated primary and secondary nitronic 
acids, respectively. Some examples of nitronic acid nomenclature 
follow. 

ch 3 ch=no 2 h 
(ch 3 ) 2 c=no 2 h 

n-G 3 H 7 GH=N0 2 -Na+ 

c 6 h 5 ch=no 2 ch 3 

NO,Et 

C H..C H=N O C OC Ho 
3 3 

O 

CH„=NC1 

I 

O 

The first preparation of a nitronic acid was apparently made by 
Konowalow (1893) 13 who isolated diphenylmethanenitronic acid, 
mp 90°, and described it as a very unstable substance, decomposing 
at room temperature. The phenomenon of aci -nitro tautomerism in 
solution was discovered by Holleman (1895) 14 , who observed 
conductometrically the isomerization of 3-nitrophenylmethane- 
nitronic acid into the nitro form. Hantzsch (1896) 1 was first to 
prepare both forms of a single nitro compound (phenylnitromethane 
and phenylmethanenitronic acid) and to recognize their tautomeric 
relationship. 

The first preparation of a nitronic ester appears to be that of Nef 
(1894) 1B , who synthesized, isolated, and recognized the unstable 
substance H 2 NC0C(CN)=N0 2 C 2 H 5 . 

The question of nitronic acid structure was incompletely resolved 
and a subject of some debate and discussion for nearly 50 years after 
the discovery of these substances. The now accepted structure 1 was 
originally proposed by Nef 16 and employed by Bamberger 6 . An 
alternate oxazirane structure (2) was proposed by Hantzsch 1 . 



Ethanenitronic acid ( primary) 
Propane-2-nitronic acid ( secondary) 
Sodium butane-1-nitronate 
Methyl phenylmethanenitronate 

Ethyl cyclohexanenitronate 

Acetic ethanenitronic anhydride 

Methanenitrony] chloride 
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Reports that certain nitronate salts possess optical activity 16 • v > 

OH 


R 1 

V/ 


R 1 

\ 


C- 


R' 


O 


( 1 ) 


/ \ / 

R 2 O 

(2) 


-NOH 


supporting structure 2, were later shown to be in error 18-20 . Nitronate 
salts prepared from optically active nitroalkanes are, in fact, optically 
inactive 19 . The strong tt — it* ultraviolet absorption of nitronic 
acids, esters, and salts supports structure 1. Oxaziranes do not 
exhibit strong ultraviolet absorption 21 . Unsuccessful attempts have 
been made to prepare substances having structure 3, with substituents 
directly attached to nitrogen 22 . 

R 1 OH 

V 

r/U 

(») 

Cis-trans isomerism might be observed, at least in the solid state, 
with unsymmetrically substituted nitronic acids, analogous to the 
syn and anti forms of oximes. This type of isomerism has been 
demonstrated for nitronic esters 28 , nitrones 24 , and oximes 25,26 , but 
not for nitronic acids. It is possible that the rather stable unsym- 
metrical nitronic acids of wide melting range described by Hodge 27 
are mixtures of cis and trans isomers. In solution in protic solvents 
such isomers would, of course, lose their identity rather rapidly. 


II. AC/-NITRO TAUTOMERISM 

A. Introduction 

Study of the phenomenon of ad -nitro tautomerism has been, and 
remains, important to the development of acid-base catalysis and 
proton-transfer theory. The process in neutral or basic medium 
consists principally of equilibria involving nitronic acid (aci form), 
nitroalkane, and a common nitronate anion (equations 2, 3). 

R 1 OH R 1 O - 

\ / q \ 

B + C=N C=N • + BH+ (2) 

/ \ *-i / 

R 2 O R 2 O 

Nitronic acid Nitronate 

(aci) 
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R 1 O- R 1 

, \ /{'' \ 

BH+ + C=N; -=±: GHNO„ + B (3) 

/ *• / 

R 2 O, R 2 

Nitronate Nitro 

The acid-base equilibria of these equations define, to a close 
approximation, the ionization constants of nitronic acids (Kf ei = 
kxfk-i) arlt ^ nitroalkanes (Z.^ ltro = Ay/A_ 2 ) where B is a solvent 
molecule (water, ethanol). Tautomerization involving keto nitronic 
acids is discussed in section III.C.4. 

Many kinetic studies of aci -nitro tautomerism, employing diverse 
methods, have been made. The earliest studies 14 - 28,34 , which em¬ 
ployed conductivity measurements, made use of the much greater 
conductivity of the aci form, due to its greater dissociation into 
nitronate anion. Other methods have taken advantage of various 
properties of the aci form not observed in the nitro form, such as: 
rapid reaction with bromine (titration) 35-37 , failure to be reduced 
polarographically 38 -49 , and strong ultraviolet absorption 80-53 . These 
studies have included rate measurements of forward and reverse 
processes. 

In retrospect, an interesting aspect of many rate studies was the 
failure, even until recent times, to recognize the hybrid structure of 
the nitronate anion intermediate 29,30,38 . Confusion exists in many 
earlier papers relating to nitronate anions having different ‘structures’ 
(with negative charge on carbon or oxygen 38 , or possessing optical 
activity 16 ), and giving validity to these structures in kinetic and 
mechanistic expressions 38 . Present theory allows only one structure 
for the mesomeric nitronate anion, with negative charge delocalized 
principally on oxygen. 

B. Tautomerization of Nitronic Acids to Nitroalkanes 

The tautomerization of a nitronic acid to its parent nitroalkane 
(equations 2 and 3) proceeds essentially to completion for most 
simple nitroalkanes because of the relatively weaker acidity of a 
nitroalkane compared to its corresponding nitronic acid (aci form). 
The kinetics of tautomerization of the aci to the nitro form has been 
studied extensively, principally in water solvent. Early conducto¬ 
metric studies of Holleman 14,54 and Hantzsch 32,33 showed the process 
to be very rapid. 

Proton removal from nitronic acid oxygen (Ay) has been measured 
for phenylmethanenitronic acid (Ay = 4.14 X 10 -5 1/mole-sec in 
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99.5% water, 0.5% ethanol at 25°). From the ionization constant 
in water, Kf oi — 1.3 X 10 -4 34,39,5S , th e reverse process, protonation 
on oxygen, may be calculated to be much faster (T_ x = 3.2 x 
10 -1 l/mole-sec). 

Many more measurements have been made of the overall rate of 
tautomerization of the nitronic acid to the nitro form (protonation 
on carbon). One may assume a steady-state expression and define 
• this rate as K-* ci k- 2 since k- 2 is slow compared to T_ x . Table 1 sum¬ 
marizes the available rate data. From the Kf ei values the rate of 
protonation on carbon, A_ 2 , may be calculated. 

The mechanism of the tautomerization process expressed in 
equations (2) and (3) requires that G-protonation occurs on the 
intermediate nitronate anion, not on the nitronic acid or some other 
species. In agreement with .this postulate is the fact that the tautom¬ 
erization rate is accelerated in slightly basic solution, inhibited in 
acid solution 51 ' 05 . Strong nitronic acids which are highly ionized, 
such as bromomethanenitronic, tautomerize extremely rapidly 32 - 47 . 
Highly hindered acids of the type R 3 GC(C 6 H 6 ) =NO a H do not 
tautomerize at a measurable rate in acid solution, but require a 
basic catalyst to increase the concentration of nitronate ion, thus 
permitting tautomerization to occur readily 65 . 

Tautomerization does occur in acid solution 44 , but strong acid 
suppresses ionization and usually favors other reactions such as the 
Nef. Armand 47 found acids XCH=N0 2 H, X 2 C=N0 2 H, and 
CH 3 GX=N0 2 H (X = Cl, Br) to tautomerize rapidly and com¬ 
pletely without undergoing Nef reaction, even at low pH. On the 
other hand, with </-2-nitrooctane acid-catalyzed Nef reaction (in N 
hydrochloric acid at 100°) to form 2-octanone occurred more rapidly 
than tautomerization since it was observed that the recovered un¬ 
reacted nitro compound retained all its optical activity 50 . 

A different mechanism involving direct proton transfer to carbon 
from a nitronic acid intermediate (rather than a nitronate anion) is 
involved in the much-studied dark reaction of tautomerization of 
compounds such as arylmethanenitronic acids to the nitro compound 
(e.g. 5 -> 4 ) 66 -72 (equation 4). Nitronic acids identical with those 
formed photochemically can also be formed by acidification of the 
alkali metal salts 73 . The presence of a nitro group ortho of the methyl¬ 
ene group is required for the photochromic transformation 74-78 . The 
pyridyl group in 4 may be replaced by phenyl 75 , alkyl 78 , or hydro¬ 
gen 71 . The reaction is not limited to solutions, but occurs also in the 
solid state where it was first observed 67,79,80 . 


Nitronic Acids and Esters 


355 



(4) Pale yellow (5) Deep blue 

oEtOH C/in 
^max 540 


The direct intramolecular proton transfer mechanism involving 
a nitronic acid is supported by several facts, in addition to the 
requirement of an ortho nitro group. The dark reaction rate [Act ( 5 ) -> 
Nitro ( 4 )] is accelerated in acid solution 81 . It is also faster in an 
aprotic solvent such as isooctane than in a protic solvent (ethanol) 
by a factor of ca 10 4 66 . The rate is strongly accelerated by electron¬ 
releasing groups; replacing N0 2 by NH 2 in 5 increases the rate 
ca 10 4 82 . A large negative entropy (—45-50 eu) supports a rigid 
transition state 75 ' 82 . The intramolecular nature of the process was 
demonstrated in a very simple system. Deuterium is incorporated 
into o-nitrotoluene (6)—but not />-nitrotoluene under the same 
conditions—when irradiated in deuterium oxide-dioxane 71,76-78 . 
Ionization of the nitronic acid (7) provides a facile deuterium 
exchange mechanism (equation 5). 



( 6 ) (?) 


The effect of structure on the overall rate of tautomerization of 
nitronic acids to the nitro form (rate = K^ ci k_ 2 ) is determined by 
the two factors in this expression—the ionization constant of the 
nitronic acid, Kf ci , and the rate of C-protonation of the anion (k 2 ). 
The constant k 2 may be evaluated from the above rate expression 
if Kf ci is known, or, if A.f ltro and the uncatalyzed rate of proton 
removal from the nitroalkane (k 2 ) are known, k_ 2 may be calculated 
from the equilibrium expression X^ ltor = k 2 jk_ 2 . The available data 
are summarized in Table 1. Structural factors which affect Kf ci and 
k_ 2 are germane to the general problem of anion stability. 

Inductive effects may be compared by examining those nitronic 
acids not exhibiting large resonance or other anion-stabilizing 


Table 1. Rates of tautomerization ofnitronic acids to nitroalkanes. 
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effects. Of these, the strongest acids tautomerize at the fastest rate 
as shown in Figure 1. The acids which tautomerize at the fastest 
rate also have the fastest G-protonation rate (k_ 2 ) as shown i n 



Figure 1. Plot of logarithm of overall rate of tautomerization of nitronic acids to nitro- 
alkanes X 10 2 (2 + log K^ ci k_ 2 ) vs. pK^ ci ; data at 25° in Table 1. Data for bisnitronic 
acids have been corrected for statistical factor. 


Figure 2. Hantzsch 32 reported bromomethanenitronic and nitro- 
methanenitronic acids to tautomerize at rates much too rapid to 
measure compared to methanenitronic, the weaker acid. Armand 47 
observed only instantaneous tautomerization, even at low pH 
(no Nef reaction], with the strong acids X 2 G=N0 2 H, XCH=N0 2 FI 
and CH 3 CX=N0 2 H (X = Gl, Br). m-Nitrophenylmethanc- 
nitronic acid tautomerizes to the nitro form ca 20 times faster than 
the weaker phenylmethanenitronic acid. 
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Logarithm C-protonation rate (log k 2 ) 


Figure 2. Plot of logarithm of overall rate of tautomerization of nitronic acids to nitro- 
alkanes X 10 2 (2 + log K^ ci k_ 2 ) vs. logarithm of C-protonation rate (log £_ a ;) data at 

25° in Table 1. 

Inductive effects exhibit predictable behavior in relation to 
ionization constants, which affect tautomerization rates. Electron- 
withdrawing groups such as halogen and nitro increase Kf oi (see 
Table 5 in section II.D), and tautomerization rate. Electron-releasing 
groups such as methyl decrease Kf oi and tautomerization rate. For 
example, ethanenitronic acid tautomerizes ca 10 3 times more slowly 
than the stronger methanenitronic acid; a-phenylpropanenitronic 
acid tautomerizes more slowly than oe-phenylethanenitronic acid 83 . 

On the other hand, the increase in C-protonation rate caused by 
substitution of electronegative groups on the nitronate carbon 
(Figure 2) is opposite to what one might expect. An electron- 
withdrawing group lowers electron density at the nitronate carbon 
and should slow C-protonation. One possible explanation may be 
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the presence of a polar, negative field very close to the nitronate 
carbon; thus protons are readily attracted to the site. However, when 
the electronegative group is moved away from the nitronate carbon, as 
in the series of w-nitronalkanenitronic acids 0 2 N(CH 2 ) n CH=N0 2 H, 
one observes expected behavior 52 . The overall tautomerization rate 
decreases with increasing chain length; Kf cl decreases also, and the 
C-protonation rate increases slightly (Table 1). 

Slow tautomerization of nitronate anions to the nitro form is 
observed for those anions having ground state energies very much 
lower than the parent nitro compound. For example, certain 
resonance-stabilized nitronate anions may show this property. The 
nitro forms of fluorene-9-nitronic acid (8) 84,85 and indene-l-nitronic 
acid ( 9 ) 86 can be prepared only in aprotic solvents 86a . Fluorene- 
9-nitronic acid (8) is very stable 84 . 2,4-Cyclopentadiene-l-nitronic 
acid is very unstable 8611 . Its sodium salt on acidification, produces 


no 2 h 

(8) (9) 

a black polymer and l-nitro~l,3-cyclopentadiene 86a . Phenyl- 
methanenitronic and methanenitronic acids are of comparable acid 
strength (pKf ci 3.9 and 3.25, respectively), but phenylmethane- 
nitronic acid tautomerizes approximately 100 times more slowly 
(Table 1). Resonance-stabilized nitronic acids which tautomerize 
slowly do so principally because the C-protonation rate is relatively 
slow. There is a rather large activation energy barrier between the 
anion and the nitro form. 

Resonance stabilization of a nitronate anion often increases acid 
strength which may sometimes actually account for a slight enhance¬ 
ment of overall tautomerization rate. For example, a 20% increase 
in tautomerization rate is observed for 4-nitrophenylmethanenitronic 
acid relative to the 3-nitro isomer 61 ; the 4-bromo and 4-chloro 
isomers tautomerize more slowly than their corresponding meta 
isomers 61 . However, the most usual consequence of significant 
nitronate anion stabilization relative to the nitro form appears to be 
a decrease, rather than an increase, in overall tautomerization rate. 

Stabilization of nitronate anions by hydrogen bonding also results 
in an increase in Kf ei and a decrease in C-protonation rate. The 



no 2 h 
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methylol derivative 10 is a somewhat stronger acid than the corre¬ 
sponding methyl ether (ll) 52 . But, the overall tautomerization rate 
(Ki u k-a) of the hydrogen-bonded acid ( 10 ) is about 4 times slower, 
despite the greater acidity. This is due to the slower C-protonation 



rate (10 times slower). A similar effect is observed with the butane- 
1,4-bisnitronic acid derivatives of 10 and 11 (data in Table 1 ). The 
failure of certain hydroxynitronic acids (including 10 j to undergo 
a Nef reaction may be caused by their hydrogen-bonded, stabilized 
nitronate anions (see discussion in section IILC.l.a). 

Rapid tautomerization of nitronate anions to the nitro form is 
observed with anions which do not differ much in ground state energy 
from the parent nitro compound. The nitronic acid forms are 
extremely unstable and are rarely isolated. Conjugated anions derived 
from conjugated nitroolefins, nitrodienes, and nitro aromatic com¬ 
pounds protonate rapidly. C-protonation usually occurs most 
rapidly at the terminal position of these nitronate anions and often 
favors the conjugated nitroolefin product under kinetic control. For 
example, anion 12 rapidly protonates at the terminal 3-position to 
yield 1-nitrocyclohexene ( 13 ) exclusively (equation 6) apparently 
without intervention of non-conjugated 3-nitrocyclohexene 58 ; this 
protonation is very rapid and occurs at about the same rate as that 
for propane-1-nitronate to l-nitropropane 62,68 . Conjugated nitronate 
anion 14 protonates at the terminal 5-position to yield only nitro¬ 
olefin 15 58 (equation 7). 



( 12 ) 


(13) 
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ch„=chgh=chc=no 2 
2 | 

ch„ 


H+ 


-> CH 3 CH=CHCH=CN0 2 (7) 

GHo 


(14) (15) 

Protonation of nitronates derived from aromatic nitro compounds 
occurs very rapidly, also at a terminal position (equation 8). 




HO -O- no 2 


( 8 ) 


Protonation can occur under kinetic control to yield some of the 
unconjugated nitroolefin, as in the protonation of nitronate anion 
16 ; a 1:1 mixture of olefins 17 and 18 is produced 10 (equation 9). 

H+ 

CH 8 =C(CH 3 )CH=N0 2 - --> CH 2 =C(CH 3 )CH 2 N0 2 + (CH 3 ) 2 C=CHN0 2 (9) 

(16) (17) (18) 

The equilibrium composition of nitroolefms is a matter of interest 
and has received some study 1 °- 87-91 . As with olefinic ketones and 
other unsaturated carbonyl compounds the a,/3-unsaturated isomer 
is usually favored, and the position of equilibrium is affected by 
structure and solvent 87 . Nitrobenzenes and olefins such as 13 and 
15 are favored. Thermodynamically, conjugated isomer 18 is 
favored over 17 by 4: l 10,87 ; but, olefin CH 3 CH=C(CH 3 )N0 2 is 
favored 100% over CH 2 =CHCH(CH 3 )N0 2 87 . 

Exceptional behavior is exhibited by certain olefins substituted 
with a nitromethyl group, CH 2 N0 2 (note 17 , above). The f$,y- 
isomer is often favored at equilibrium as, for example, with olefins 
19 10 88 , 20 89 ’ 90 , and 21 91 . The product composition of nitroolefins 


o 2 nch 2 ch 2 

\c ch 2 =chch 2 no 2 

ch f \:h 2 no 2 

(19) (20) (21) 

derived from the nitronate anions of 19 , 20 , and 21 under kinetic 
control is not known. 

Slow tautomerization is observed with certain nitronic acids highly 
substituted about the nitronate carbon. Quantitative data are 
limited. Octane-2-nitronic acid tautomerizes 25 times more slowly 
than propane- 1 -nitronic acid 62 . Nitronic acids such as 22 66 tau- 
tomerize much more slowly than phenylmethanenitronic acid 1 . 
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These results indicate that a slow rate of G-protonation of the 



nitronate anion is believed to be a factor, a result of poor solvation 
about the nitronate carbon. 

The stereochemistry of aa-nitro tautomerism has been studied in a 
few systems. In simple monocyclic nitronate anions with vicinal 
substituents one observes kinetic preference for protonation from the 
least hindered side; this result leads to the least stable product 
(steric approach control). Protonation of 2-phenylcyclohexane- 
nitronate ion (23) leads to 98% m-2-phenyl-l-nitrocyclohexane 



(24, axial nitro); equilibration with alkali leads to 99 % of the trans 
(equatorial nitro) isomer (25) 92 (equation 10). Similar results are 
found in certain steroids (kinetic preference for axial nitro) 93,94 . 
(A controversy exists relating to the configuration of 23—whether 
the phenyl group is axial or equatorial in the protonation transition 
state 92,98,96 .) In cyclohexane systems, in the absence of vicinal 
substituents, there is a kinetic 923, as well as equilibrium preference 
for equatorial nitro (ca 80-90 %) over axial 93,94,97 " 104 . For example, 
4-t-butylcyclohexanenitronate protonates under kinetic control to 
yield 76 % franj-4-£-butylnitrocyclohexane (equatorial nitro) 923 . 
Equilibration of 1,3- and 1,4-dinitrocyclohexanes in ethanolic sodium 
bicarbonate leads to the diequatorial isomers (ca 80-90 %) 103 . 

In the rigid bicyclic system 26, protonation with dilute acetic acid 
occurs with 84-97 % kinetic preference for the most stable, trans 
product (27) 108,106 (equation 11). Proton approach is cis to the 
vicinal R group (product development control). In this more rigid 
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system, eclipsing of incipient nitro and neighboring R group results 
in a higher energy transition state than in the more flexible cyclo¬ 
hexane ring system. 



C. Proton Removal from Nitroalkanes 

Removal of a proton from a nitroalkane produces a nitronate 
anion (reverse of equation 3) (equation 12). This reaction occurs 
in the reverse of aa-nitro tautomerism and has been studied ex¬ 
tensively; it proceeds at a convenient rate at ordinary temperatures 

k„ 

R 1 R 2 CHN0 2 + B R 1 R 2 C=NO,f + BH+ (12) 

k-2 

and is easily followed for kinetic measurements. The reaction of 
proton removal, as well as protonation of nitronate anions, is subject 
to general acid-base catalysis 40,107-110 . Rate measurement in various 
buffer solutions of different bases gives good Bronsted plots (Figure 
3 ^ 40 ,109,in,ilia. However, dimethyl and trimethylamine show poor 
correlation of amine base strength with neutralization rates of 
nitroethane 112 ; the discrepancy has been attributed to steric 
factors 1118 " 112 . 

The rates of uncatalyzed proton removal from various nitro¬ 
alkanes determined in water solvent are summarized in Table 2. 
Also included are rates of reprotonation (C-protonation) and ioniza¬ 
tion constants (^ ltr0 ). As noted by Bell (reference 107, p. 160) an 
expected linear relationship is observed between acid strength of the 
nitroalkane and rate of proton removal (Figure 4). The nitroalkanes 
of greatest acidity ionize most rapidly. 

The energy of activation for proton removal with water as a base 
is ca. 20-23 kcal/mole 57,119 . A relatively large negative entropy of 
activation is observed ( — 19—24 eu for nitroalkanes 28,42,57,112,119 ). 
For other bases (amines, hydroxide, and acetate ion) the energy of 
activation is less (12-16 kcal/mole) and the entropy of activation 
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Figure 3. Dissociation and recombination rates of the nitro-form of 1 -nitropropane as 
a function of the dissociation constant of the acting acid or of the acid conjugated with the 
acting base: □ recombination of nitro-form, O dissociation of the nitro-form. [Repro¬ 
duced, by permission, from ref. 40.] 

more positive ( -7-16 eu) 923 ' 111,112,120 . These data agree with a slow 
proton removal process requiring a large amount of solvent reorgani¬ 
zation in the transition state 121 . 

Base-catalyzed proton removal from nitroalkanes is an important 
reaction (equation 13). In kinetic studies solutions of sodium hydrox¬ 
ide in water, aqueous dioxane or aqueous ethanol have been fre- 

R 1 R 2 GHNO a + OH- ■ * 3 ->- R 1 R 2 C=N0 2 - + H 2 0 (13) 

quently employed. Reaction rate data are summarized in Table 3. 
Hantzsch 32 made the first studies with nitroethane employing a 
conductometric method. 

Junell 37,130-132 , and later Pedersen 133 , made the first thorough 
kinetic investigations of proton removal from nitroalkanes employing 
acetate catalyst and bromine titration of the nitronate anion formed. 
They demonstrated that the bromine and chlorine reaction rates 
are identical, that the rate-limiting step is proton removal, and that 
the reaction is first order in nitro compound and base. Pearson and 
Dillon showed bromine and iodination rates to be identical 57 . 

Deuterium substitution in nitroalkanes results in a slower reaction 
rate; for hydroxide ion an isotope effect of 7.4-10.3 is observed 111,120 . 




Table 2. Rates of ionization of nitroalkanes in water at 25°. 
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Figure 4. Plot of logarithm of ionization rate (log k%) of nitroalkanes in water at 25° vs. 

pif Nltro. data at 25 ° Table 2. 


The isotope effect varies with the pdifference of the reacting 
systems 111 ' 134-136 . The rate of neutralization of nitroalkanes is faster 
in D 2 0 127 and in aprotic solvents 121,126 than in water. Hindrance in 
the attacking base (e.g. collidine) results in a relatively slower rate 
of proton removal 111 - 112,13S_138 . 

The effect of structure on rates of proton removal may be seen from 
the data in Tables 2 and 3, and Figure 4. It has been pointed out by 
Bordwell 82a that the transition state for proton abstraction resembles 
the ground state rather than nitronate ion; inductive and steric 
effects are the important factors which affect rate of proton removal. 
Thus electron-withdrawing groups such as nitro enhance the 
rate 32,57,139 . Rates of neutralization of substituted phenylnitro- 
methanes indicate a 50-fold rate acceleration by />nitro (relative to 
hydrogen) 120 . The substitution by electron-releasing />methyl 
decreases the rate by one-half 120 . Bulky substituents about the acidic 
proton decrease the rate; 2-nitrobutane reacts ca. 25 times more 



Table 3. Rates of neutralization of nitroalkanes by hydroxide ion. 



R 1 

\ 

CHNO„ + 

/ 

R 2 

OH~ 

R 1 

* 3 >. 1 

\FO_— -4- W O 



/ 

R 2 




Temp. 


k 3 


No. 

Nitroalkane 

(°G) 

Solvent 

(1/mole-min) 

Ref. 

1. 

gh 3 no 2 

25 

h 2 o 

1026 

110 , 122 





1600 

111 



0 

h 2 o 

173 

123 





237 

28 

2 . 

ch 3 gh 2 no 2 

25 

h 2 o 

236 

122 





312 

111 





336 

124 





354 

110, 125, 126 



0 

h 2 o 

35 

123 





37.5 

127 





39 

28 

3. 

GH,GH,CH o NO 0 

25 

h 2 o 

195 

110 , 122 



0 

h 2 o 

29 

123 

4. 

(GH 5 ) 2 GHN0 2 

25 

h 2 o 

16.4 

110 , 122 





19 

111 



0 

h 2 o 

2 

28, 123 



25 

gh 3 oh° 

19.2 

92a 

5. 

n-C 3 H 7 CH 2 N0 2 

25 

h 2 o 

192 

122 

6 . 

GH,CH 0 CH(CH,)NO 9 

25 

h 2 o 

8.8 

122 

7. 

C 6 H 6 CH 2 CH(CH 3 )N0 2 

25 

gh 3 oh« 

27.6 

92a 

8 . 

{>no 2 

0 

1:1 

No reaction 

120 




Dioxane-H 2 0 



9. 

□ NOs 

0 

1:1 

165 

120 




Dioxane-H 2 0 



10 . 

O n °2 

0 

1:1 

39.8 

120 



Dioxane-H 2 0 









11. 

[ J “ 

28 

1:1 

78.3 

120 




Dioxane-H 2 0 





0 

1:1 

7.62 

120 




Dioxane-H 2 0 





25 

h 2 o 

21.4 

111 , 128 



25 

gh 3 oh« 

19.8 

92a 

12 . 

«-g 4 h 0 ()no 2 

25 

ch 3 oh° 

cis 60 

92a 


\_/ 



trans 12 



r / 'NN0 2 





13. 

l Jc 0 H 4 -4-Cl 

25 

gh 3 oh« 

cis 114 

92a 





trans 0.56 



{ continued ) 


Table 3— continued 


Temp. k 3 

No. Nitroalkane (°C) Solvent (1/mole-min) Ref. 


I^ / Jg b h 4 -2-ch, 


25 CH 3 OH“ 



0 1:1 

Dioxane-H 2 0 

0 1:1 

Dioxane-H 2 0 

0 1:1 

Dioxane-HgO 

0 1:1 

Dioxane-H 2 0 

0 1:1 

Dioxane-H 2 0 

0 1:1 

Dioxane-H 2 0 



0 1:1 

Dioxane-H 2 0 


l^Jc e H 4 -3-OCH 3 


25 EtOH, 37% 


cis 60 
trans 0.28 


20.6 

16.0 


endo 134 
exo 6.8 


endo 210 
exo 7.86 


endo 50.6 
exo 47.2 


37.9 


21.4 

(0.022)"' c 


92a 


120 

120 


120 


120 


120 


120 

120 

129 


CH 2 CH :) 


23. 

f T ° 2 

V^C 0 H. r 3-OCH 3 

25 

24. 

3-0 2 NC 6 H 4 CH 2 N0 2 

0 

25. 

4-0 2 NC 6 H 4 CH 2 N0 2 

0 

26. 

g 6 h 8 gh 2 no 2 

0 

27. 

4-GH 3 G 6 H 4 GH 2 N0 2 

0 


EtOH, 37% 

0.0069 6 

129 

1:1 

2110 

120 

Dioxane-HgO 

1:1 

4560 

120 

Dioxane-H 2 0 

1:1 

Dioxane-H 2 0 

92.8 

120 

1:1 

51.9 

120 

Dioxane-HgO 


a Sodium methoxide base. 

^ Stereochemistry not established. 
c Estimated from data in 27% EtOH reported in ref. 129. 


370 


Arnold T. Nielsen 


slowly than nitroethane 122 . 3-Ethyl-5-(3-methoxyphenyl)-4-nitro- 
cyclohexene 129 (Table 3, no. 23) is extremely unreactive compared 
to the less substituted parent 4-nitrocyclohexene itself (no. 21); 
stereochemistry, undetermined, is also important here. 92a . 

The rate of proton removal from C 3 -C 8 nitrocycloalkanes (in 
1:1 dioxane-water at 0°) has been studied 120 . Nitrocyclopropane 
does not react, whereas nitrocyclobutane reacts fastest; the reaction 
rate order is: C 4 > C 5 > C 7 > C 8 > C 6 » C 3 . The order may be 
explained in terms of relative ring strain and steric repulsions of ring 
hydrogens in the reactant. 

The stereochemistry of proton removal has been examined for 
substituted nitrocyclohexanes 92a . The cis isomers react more rapidly 
than the trans. This effect is large in 2-arylnitrocyclohexanes in which 
the cis isomers react ca. 200 times faster. The rate enhancement 
effect has been ascribed in part to a relief of strain in the transition 
state proceeding from the axial nitro in the m-isomers 92a . There 
appears also to be a slight steric preference for abstraction of an 
equatorial hydrogen. 

The stereochemistry of proton removal has been examined for 
nitrobicycloheptanes, -heptenes, -octanes, and -octenes (Table 3, 
nos. 17—20) 12 °. Proton removal is fastest for the endo isomers, where 
attack occurs at the least hindered exo hydrogen. The rate accelera¬ 
tion for the endo isomers relative to exo is greatest for the most rigid 
bicycloheptene compound (26-fold). In the less rigid bicyclooctene 
series (no. 19) both isomers react at essentially the same rate which 
is nearly that observed with nitrobicyclooctane (no. 20). 

Proton removal from nitroalkanes is catalyzed by acids 37,50,51,133,140 . 
This process resembles the acid-catalyzed enolization of aldehydes 
and ketones. The mechanism probably involves a protonated inter¬ 
mediate which is attacked by solvent or other base to produce a 



R 1 R 1 

■ \ \ 

H+ + GHNO„ — ^ CHNO P H+ 

/ / 

R 2 R 2 


R 1 R 1 

H a O + CIIN0 2 H+ — ^ C =N0 2 H + H 3 0+ 
R2 7 R2 7 


R 1 

Xv G=NO„H 

/ 

R 2 


(14) 


slow (15) 


■> Products 


(16) 
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nitronic acid directly (equations 14, 15) B1 - I4 ®a. p or ac id-catalyzed halo- 
genations of nitroalkanes the rate is independent of the halogen 
employed, or halogen concentration, and is first order in nitro 
compound 37 . The proton removal step (equation 15) is slow com¬ 
pared to the oxygen protonation equilibrium (equation 14) and 
reaction of nitronic acid to form products (equation 16). The proton 
removal step is quite slow compared to the base-catalyzed process. 
Its rate is close to the auto-dissociation rate in water (Table 2). 
Table 4 summarizes the rate data obtained in N hydrochloric acid 

solution. 


Table 4. Rates of acid-catalyzed reactions of nitro compounds in N hydrochloric acid 61 


Compound 

Reaction 

Temp. 

(°G) 

Pseudo first order 

rate constant 
min -1 x 10 6 

Nitrome thane 

Bromination 37 

60 

14 

2-Nitropropane 

Bromination 37 

60 

3.0 

2,5-Dinitro-l,6-hexanediol (28) 

Isomerization 61 

60 

20“ 

2,5-Dinitro-l,6-hexanediol (28) 

Isomerization 61 

100 

200° 

2-Nitrooctane 

Hydrolysis 60 

100 

l.2 b 

Nitromethane 

Bromination 37 

35 

0.9 

Bromonitromethane 

Bromination 37 

35 

240 

Dibromonitromethane 

Bromination 37 

35 

12,000 


° Value corrected for reaction at one asymmetric center. 
6 Solvent “50%” ethanol, IV hydrogen chloride. 


Many reactions of nitroalkanes in acid solution require an initial 
acid-catalyzed proton removal to produce a nitronic acid. Examples 
are formation of carboxylic 1408 ' 141 ^ 143 and hydroxamic acids 163 from 
primary nitroalkanes, and the acid-catalyzed Nef reaction 62 - 142 . The 
epimerization of low-melting 2,5-dinitro-l,6-hexanediol (28) to the 
high-melting form (29) is acid-catalyzed. The bromination of 28 
and 29 to yield 30 is acid-, as well as base-catalyzed (equation 17). 


H+ 


no 2 no 2 no 2 no 2 

(28) \h+ H+ / (29) 

M.p. 112-113° \ /bls M.p. 164-165° 

Br Br 

I I 


no 2 no 2 

(30) 

M.p. 111-112° 


( 17 ) 
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Epimerization does not occur at a measurable rate in acid solution 
with the bisphenylurethane or bismethyl ether derivatives of 28; the 
corresponding derivatives of 29 are not formed under conditions 
whereby 28 —29. The epimerization 28 29 does not occur at a 

measurable rate in pure water in the absence of added acid or basic 
catalysts. No formaldehyde is produced during the epimerization. 
A similar epimerization reaction is observed with the next higher 
homolog, 2,7-dinitro-l,7-heptanediol B1 . The epimerization is believed 
to be favored over the competing Nef reaction due to stabilization 
of the nitronate anion (e.g. 31) by hydrogen bonding which slows 
hydrolysis, and a relatively rapid C-protonation rate 52 . 


? y r? 

H "°e^o- h6 °' 


(31) 


D. Ionization Constants of Nitronic Acids and Nitroalkanes 

The ionization constants of nitronic acids may be expressed as 

K Aot _ [H+][A-] 

a [ Aci ] 

where [d«] = the concentration of the nitronic acid and [ A ~] is the 
concentration of nitronate anion 57,59 . Fewer values of Kf ci have been 
determined than Kf ltT0 . A complication in measurement lies in 
tautomerization to the more weakly acidic nitro form; but, by 
extrapolation of measurements back to zero time this error may be 
eliminated. Methods of determination include conductivity meas¬ 
urements 28 , polarography 55 , and potentiometric titrations 59 . Known 
values of K^ ci and K^ itT0 are summarized in Table 5. Most nitronic 
acids are much stronger acids than the parent nitroalkanes (usually 
pK a ltro _ p Kf ci = 2-5). However, this ratio narrows as acidity 
increases as shown in Figure 5. For very strong acids having pA a A 0, 
such as nitroform, HC(N0 2 ) 3 , pKf ci ^ pA^ ltro . 

Substitution affects acidity of nitronic acids in the manner 
observed in carboxylic acids 152 . 

There is evidence for intramolecular hydrogen bonding in 1,3- 
propanebisnitronic acid (32) and 1,4-butanebisnitronic acid 52 . A 
large K\jK 11 ratio is observed, similar to the values found for cis- 
caronic and dipropylmalonic acids (33 and 34 respectively). For the 
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Tabi.f. 5. Ionization constants of nitronic acids and nitroalkancs in water at 25°. 


Nitroalkanc 

P K£° ia 

p^Nitro” 

Ref. 


A. Mononitroalkanes 


ch 3 no 2 

3.25 

10.21 

47, 56,' 59, 60, 113, 

130, 132 

ch 3 ch 2 no 2 

4.4 

8.5 

28, 31, 47, 52, 56, 59, 

60, 114, 130, 132 

ch 3 ch 2 ch 2 no 2 

4.6 

8.98 

40, 59, 60, 115 

(ch 3 ) 2 chno 2 

5.1 

7.68 

47, 59, 60, 116 

CH 3 (CH 2 ) 3 N0 2 

— 

10 

116 

ch 3 ch 2 ch(ch 3 )no 2 

— 

9.4 

116 

o 

a 

c 

6.35 

8.3 

109, 128 

g 6 h 6 ch 2 no 2 

3.9 

6.8 

34, 36, 38, 39, 53, 55, 64 

CH 3 (GH 2 ) 6 GH(GH 3 )N0 2 

(5.3)* 

(10)* 

50, 52, 116 


B. a,a)-Dinitroalkanes 


(0 2 N) 2 GHGH 2 GH(N0 2 ) 2 

— 

I 1.11 (20°) 
II 4.96 (20°) 

115, 117 

o 2 n(ch 2 ) 3 no 2 

I (1.95)* 

II 8.40 

— 

52 

o 2 n(gh 2 ) 4 no 2 

I (3.30)* 

II 8.30 

— 

52 

o 2 n(ch 2 ) 8 no 2 

I 3.46 

II 7.57 

— 

52 

o 2 n(gh 2 ) 6 no 2 

I 3.55 

II 4.80 

(10)* 

52 

0 2 NGH(CH 2 ) 2 CHN0 2 

1 1 

I (3.15)* 

— 

52 

1 1 
ch 2 oh gh 2 oh 

II 9.17 



0 2 NGH(GH 2 ) 3 GHN0 2 

1 1 

I 4.30 

— 

52 

1 1 
ch 2 oh ch 2 oh 

II 8.45 



0 2 NGH(GH 2 ) 2 GHN0 2 

1 1 

I (3.60)* 

— 

52 

1 I 

ch 2 och 3 ch 2 och 3 

II 8.35 




G. 1,1-Dinitroalkanes 


BrGH(NO a ) 2 

— 

3.47 

144 

G1GH(N0 2 ) 2 

— 

3.80 

144 

fch(no 2 ) 2 

— 

7.70 (20°) 

118, 145 

ch(no 2 ) 3 

— 

0.06 

0.17 (20°) 

56, 115, 144, 146-148 

NCCH(N0 2 ) 2 

— 

-6.23 

144 


[continued) 
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Table 5 —continued 


Nitroalkane 

P K{ cia 

p7C Nitro" 

Ref. 

ch 2 (no 2 ) 2 

C. 1,1-Dinitroalkanes 

1.86 3.57 

32, 56, 115, 117, 118, 

gh 3 ch(no 2 ) 2 

4.0 

5.13 

145, 146, 148, 148a 
113-115, 144, 146, 148a 

CH.,CH„CH(NO,), 

4.1 

5.6 

148-150 

114, 115, 148, 148a, 150 

HOGH 0 GH,GH (NO,), 


4.44 

156 

GH 3 G(N0 2 ) 2 GH 2 GH(N0 2 ) 2 

— 

1.36 (20°) 

115, 117 

GH 3 (GH 2 ) 2 GH(N0 2 ) 2 

— 

5.20 

115, 148, 148a, 150 

(GH 3 ) 2 GHGH(N0 2 ) 2 

— 

6.75 

148a 150, 

GH 3 (GH 2 ) 3 GH(N0 2 ) 2 

— 

5.4 

115, 148, 148a, 150, 151 

GH 3 (GH 2 ) 4 GH(N0 2 ) 2 

— 

5.42 (20°) 

115, 148a, 150, 151 

GH 3 (GH 2 ) 8 GH(N0 2 ) 2 

— 

5.48 (20°) 

115, 148a, 150, 151 

G 6 H fi GH(N0 2 ) 2 

— 

3.71 

148a 

D. 

a-Substituted Mononitroalkanes 

ci 2 chno 2 

— 

5.99 

118 

f 2 ghno 2 

— 

12.4 

149 

cifchno 2 

— 

10.14 

118 

BrGH 2 N0 2 

— 

8.2 (21°) 

47 

cich 2 no 2 

— 

7.20 

47, 118 

cf 3 chfno 2 

— 

9.1 

149 

gf 3 ch 2 no 2 

— 

7.4 

149 

GH 3 GHBrN0 2 

— 

7.3 (21°) 

47 

gh 3 ghgino 2 

— 

6.8 (21°) 

47 

h 2 ncochcino 2 

— 

3.50 

118 

h 2 ncoghfno 2 

— 

5.89 

118 

h 2 ngogh 2 no 2 

— 

5.18 

118 

gh 3 cogh 2 no 2 

— 

5.1 

56 

g 2 h 5 o 2 gchgino 2 

— 

4.16 

118 

c 2 h 5 o 2 cchfno 2 

— 

6.28 

118 

g,h,o,ggh 0 no. 

— 

5.75 

56, 113, 118 

G 2 H K 0,GGH(GH q )NO, 

— 

7.4 

113, 116 

G 2 H^G 2 GGH(G 2 H 5 )N0 2 

— 

7.6 

116 

G 2 H B 0 2 t!GH(t-C 3 H 7 )N0 2 

— 

9.0 

116 

c 6 h b coch 2 no 2 

2.2 

— 

32 

g 2 h 5 o 2 ggh («-C 5 H u )N0 2 

— 

7.7 

116 

C 2 H 5 0 2 GH(G 6 H 5 )N0 2 

— 

6.9 

116 


° Average of values reported at 25°, neglecting divergent values. 
6 Estimated values. 


Nitronic Acids and Esters 


375 


longer chain 1,6-hexanebisnitronic acid K\jK \ 1 = 17.7, indicating 

O 

« 

o 


»N- 


HC 

I 


-o 


\ 


GH, 


H 


HC 


KJ/K, 


(gh 3 ) 2 / 1 

c—o' 


\ 

H 


o 
II 

G-O 


(Pr) 2 C 


\ 

H 


\ N _d 

i 

O© 

o© 

o© 


(32) 

(33) 

(34) 

Pi 2.9 X 10 8 

9.3 x 10 5 

2.8 X 10 5 


no intramolecular hydrogen bonding in the mononitronate anion. 
The ionization constants of nitroalkanes may be expressed as 


y^-Nitro _ 


[H+][A~] 

[Nitro] 


where [Nitro] = the concentration of the nitroalkane and [A~] is the 
concentration of nitronate anion. A complication lies in the fact that 
the nitronate anion is in equilibrium with the more strongly acidic 
nitronic acid. One observes an apparent ionization constant, Af- pp- 
defined as 

j^ a pp- _ . [H+][A~] ___ jv-Nitro 

“ [Nitro] + [Ad] = a 

where [Aci] = the concentration of nitric acid 30 ' 132 . If K:f ei is known 
Af itro can be calculated from 7Q] PP '. For most nitroalkanes in 
solution the concentration of undissociated nitronic acid is very small 
and the [Aci\ term may be neglected. Thus A';, Vpp ' is very nearly 
equal to Af ltr0 . Values of pAf ltro are summarized in Table 5; most 
are determined conductometrically or spectrophotometrically, some 
by titration. Ionization constants of nitroalkanes are solvent 
dependent 153 . 

Mononitroalkanes are relatively strong pseudo acids, pA a ro = 
7-10. They are stronger than most monocarbonyl compounds 
(acetone pA a = 20 154 ), but are comparable to 1,3-diketones (acetyl- 
acetone pA a == 9 166 ). Nitromethane appears to be the weakest acid 
( P Af tro 10.2). 

Electron-withdrawing groups such as halogen (Cl, Br) and nitro 
are inductively acid-strengthening 166 . However, a/^/za-fluorine sub¬ 
stitution is decidedly acid-weakening. This unusual effect has been 
attributed to stablilizing no-bond resonance in the nitroalkane 118 . 

cich 2 no 2 ci 2 chno 2 cifchno 2 

pic Nit ro 720 599 J0.14 
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Electron-releasing alkyl groups, it appears, can also be acid- 
strengthening when a-substitution occurs (on the carbon bearing 
the nitro group) in mononitroalkanes. Compare 1- and 2-nitro- 
propane ( 35 , 36 ). Two-factors may contribute to this effect which is 

ch 3 ch 2 gh 2 no 2 (CH 3 ) 2 GHN0 2 

(35) (36) 

p/cf tro 8.98 7.68 

associated with a relatively slower C-protonation rate of the nitronate 
ion derived from 36 . One is a stabilization of the nitronate anion by 
hyperconjugation 157 . Another may be a steric effect related to poor 
solvation about the nitronate carbon. On the other hand, /3-alkyl 
substitution is acid-weakening ( 1 -nitrobutane, pif^ ltro 10 ), the - 
expected result of electron-releasing bulky alkyl substitution. 

In 1,1-dinitroalkanes and a-nitroesters both a- and /1-alkyl 
substitution are acid-weakening (this effect is also observed in the 
carboxylic acids 158 ). Dinitromethane (pAf ltro 3.57) is the strongest 
acid of the 1,1-dinitroalkane series. The 1,1-dinitro-w-alkanes 
(C 2 -C 9 ) all have similar, but smaller, ionization constants (p7Tf ltro 
5.2-5.7). An interesting compound is l,l-dinitro-2-methylpropane 
( 38 ). The weaker acidity of this more hindered /3-alkyl substituted 
compound is probably associated with a relatively slower rate of 
proton removal (compare the unbranched isomer 1 , 1 -dinitrobutane 
37 ). The a-alkyl-a-nitroester C 2 H 5 0 2 CCH(CH 3 )N0 2 , pAf tro 7.4, 

CH 3 CH 2 CH 2 CH(N0 2 ) 2 (CH 3 ) 2 CHCH(N0 2 ) 2 

(37) (38) 

pTf j' itru 5.20 6.75 

is weaker than the unbranched homolog C 2 H 5 0 2 CCH 2 N0 2 , 
pA^ ltro 5 . 7556 .ii3, ii6. u 8 _ More rate data are needed to supplement the 
available pA a measurements. A quantitative correlation of structure 
with piT( ,ltro has been reported 168 . 


III. NITRONIC ACIDS 
A. Preparation of Nitronic Acids 

Several methods are available for preparation of nitronic acids. 
All depend on oxygen-protonation of a nitronate anion as the final 
step. Certainly the most convenient and frequently employed method 
is acidification of a nitronate salt (equation 18). The procedure often 
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involves preparation of a sodium or potassium salt by neutralization 

R 1 R 1 

\ , 0-5° \ 

C=N0 2 -Na+ + HC1 --> G=NO a H + NaCl (18) 


R 2 


R 2 


of a nitroalkane with aqueous alkali at 0-25°. Acidification of the salt 
usually proceeds best with an excess of a strong mineral acid, such as 
hydrochloric, keeping the temperature at 0-5° 1,1S . A low tempera¬ 
ture is required to minimize Nef and other decomposition reactions. 
Use of a weak acid (acetic or carbonic) is preferred for G-protonation 
to regenerate a nitroalkane from its nitronate salt 13,159,160 . The weak 
acid permits a slightly acidic buffered solution having a relatively 
high concentration of nitronate ion needed for G-protonation to the 
nitroalkane. An excess of a strong mineral acid results in a strongly 
acidic solution having a low concentration of nitronate ion which 
inhibits G-protonation to the nitroalkane. 

An interesting example of nitronic acid preparation is found in the 
acidification of a Meisenheimer-type salt 161 " 108 . Trinitrotoluene ( 39 ) 
reacts with potassium methoxide to form the thermodynamically 
stable potassium salt 40 161 ’ 169 . Acidification of this salt with 
hydrogen chloride at —5° is reported to produce nitronic acid 41 , 




(19) 


described as a dark red solid which explodes on heating 170 (equation 
19). Many examples are known of reactions to form adducts like 
m-i74_ Usually upon acidification of these substances a nitro- 
aromatic compound is produced immediately since the nitronic acid 
decomposes so rapidly (41 -> 39 ) 73,171 ~ 175 . 
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Salts other than those of the alkali metals have been employed 
for preparing nitronic acids. Reaction of lead ot-cyanophenyl. 
methanenitronate with hydrogen sulfide produced the nitronic 
acid 176 (equation 20). Ammonium salts of nitronic acids on standing 


(C 6 H 5 0=N0 2 -) 2 Pb++ + H 2 S 
CN 


-> 2 C B H ri C=N0 2 H + PbS 


( 20 ) 


CN 


may evolve ammonia and produce a nitronic acid 177 (equation 21), 


CH, 


CH, 



CHa \ 0 / GH=N ° 2 ” NH4 

CH, 


25 


CH, 



(0/^ CH=N °2 H + N «3 

CH, (21) 


Another important general method for preparation of nitronic 
acids involves addition of anions to nitroolefins. Alkyl and aryl 
Grignard reagents add to a-nitrostilbenes to form hindered nitronic 
acids in high yield 65 (equations 22 and 23). Addition of nitroform to 

Et,0 

C 6 H 5 MgBr + C 6 H 6 CH=C(C 6 H 5 )N0 2 -► (C 6 H 6 ) 2 CHC(C 6 H 6 )=N0 2 H (22) 

(90%) 

Et.O 

CHgMgl + (C 6 H 6 ) 2 C=C(C 6 H 5 )N0 2 -> (C 6 H 6 ) 2 C(CH 3 )C(C 6 H 6 )=N0 2 H (23) 

nitroolefins is a similar reaction and provides excellent yields of 
nitronic acids 178 (equation 24). Hydration of nitroolefins may involve 

(N0 2 ) 3 CH + CH 2 =C(CH 3 )N0 2 -> (N0 2 ) 3 CCH 2 C(CH 3 )=N0 2 H (24) 

(95%) 

intermediate nitronate ion and nitronic acid formation, but retro¬ 
grade Henry condensation or nitroalcohol formation is apparently 
favored at equilibrium 179 ’ 179 ® (equation 25). 

ch 3 ch=chno 2 + h 2 o- > ch 3 chohch=no 2 h-> 

CH 3 CH0HCH 2 N0 2 -> CHgCHO + CH 3 N0 2 (25) 

Oxidation of oximes appears to be a most useful route to nitronic 
acids. The method has not been fully developed, however. Oxidation 
of acetophenone and propiophenone oximes by Caro’s acid (peroxy- 
monosulfuric acid) leads to nitronic acids (not isolated) at room 
temperature 83,180 (equation 26). On warming, these nitronic acids 
rapidly tautomerize to the nitro form 83 . The use of other oxidizing 
C 6 H 5 C(C 2 H 5 )=NOH + h 2 so 5 -> C 6 H 5 C(C 2 H 6 )=N0 2 H + h 2 so 4 (26) 

agents, including dinitrogen tetroxide 83,181,182 , manganese dioxide 
in acetic acid 183 , peroxytrifluoroacetic acid 184 , and nitric acid 184a , for 







Table 6. Properties of nitronic acids. 


Nitronic acid 

M.p. 

(°C) 

Half-life 
(approx.) 
at 25°“ 

Ref. 

(0 2 N) 2 G=N0 2 H 

50 

few min 

146, 190 

ch 3 gh-no,h 

liquid 

few min 

32 

(O a N) 3 cch 2 c (GH 3 )=N0 2 H 

91-91.5 

2-3 h 

178 

(NG) 2 C=CHCH=N0 2 H 

liquid 

few h 

191 

(0 2 N) 3 GCH 2 G(G 2 H 5 )=N0 2 H 

70.5-71 

2-3 h 

178 


O 


e °2N^A_,N0 2 H 


IT 

119 

few days 

192 

H © CH 3 

(0 2 N) 3 GGH 2 G (n-G 3 H 7 )==N0 2 H 

85-85.5 

2-3 h 

178 

(0 2 N) 3 GGH 2 C(i-G 3 H 7 )=N0 2 H 

93-93.5 

2-3 h 

178 

2-BrG 6 H 4 CH=N0 2 H 

100 

severalh 

193 

4-BrC e H 4 CH=N0 2 H 

89-90 

12 h 

33 

4-ClC e H 4 CH=N0 2 H 

64 

2 days 

62 

4-0 2 NC 6 H 4 GH=N0 2 H 

91 

1 day 

32, 194 

c 6 h 6 ch=no 2 h 

84 

few days 

1 

c 2 h 5 o 2 cc (CN)=CHCH=N0 2 H 

liquid 

severalh 

191 

(ch 3 o 2 c) 2 c=chch=no 2 h 

liquid 

several h 

191 

(i-G 3 H 7 ) 2 C=N0 2 H 

69-70 

1 day 

195 

2-BrC 6 H 4 G(GN)=N0 2 H 

51-52 

1 week 

193 

4-BrC 8 H 4 G(CN)=N0 2 H 

64 

1 day 

i 196 

c 6 h 5 c(cn)=no 2 h 

39—40 

few h 

176, 

197, 198 

C 6 H 6 C(CH 3 )=N0 2 H 

45 

few min 

13, 83, 
180 

4-gh 3 oc 6 h 4 ch=no 2 h 

65-70 

few h 

199 

(Oo 

50 

few h 

86 

no 2 h 

2-CH 3 G 6 H 4 G(CN)=N0 2 H 

— 

few h 

200 

3-GH 3 G 6 H 4 G(CN)=N0 2 H 

— 

few h 

200 

4-CH 3 C 6 H 4 G (GN)=NO a H 

— 

few h 

200 

3,5-(CH 3 ) 2 C 6 fI 3 CH=N0 2 H 

63 

few min 

13, 159 

G 6 H 5 G(G 2 H s )=N0 2 H 

— 

few min 

13, 83 

(c 2 h 5 o 2 g) 2 c=ghch=no 2 h 

b.p. 130- 
140/0.2 

mm 6 

few days 

191 

G 6 H 5 G(G0 2 C 2 H b )=N0 2 H 

liquid 

few days 

197 

2,4,5-(GH 3 ) 3 C 6 H 2 GH=N0 2 H 

102-110 

few h 

177 

G 6 H 5 G(i-G 3 H 7 )=N0 2 H 

54 

few h 

13 




(i continued ) 


Table 6 —continued 


Half-life 

Nitronic acid M.p. (approx.) 

(°G) at 25°“ Ref. 




CH=NOoH 


2,3,4,5-(CH a ) 4 C 6 HCH=N0 2 H 





NOoH 


(C 6 H B ) a G=NO a H 

2-C1G,. H 4 (4-BrG 8 H 4 ) GHG (CH 3 )=NO a H 


81 


74; 83 

few min 

201, 202 

— 

few h 

200 

— 

few h 

200 

— 

few h 

177 

— 

few h 

200 

— 

few h 

200 

155-156 

severalh 

200 

84-86 

1 day 

92 

85-86 

several days 

203 

132 

several weeks 

204 

145-150; 

132-135 

several weeks 

84, 85 

90 

few h 

33 

101-118 

>6 months 

27 


{continued) 
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Table 6 — continued 


Nitronic acid 

M.p. 

(°C) 

Half-life 
(approx.) 
at 25 0<I 

Ref. 

4-ClC 6 H 4 (4-BrC 6 H 4 ) CHG (CH 3 )=N0 2 H 

48-65 

4-20 h 

27 

2-ClC e H 4 (4-IC 8 H 4 )GHC(CH 3 )=N0 2 H 

116-130 

>6 months 

27 

2-ClC e H 4 (4-ClC e H 4 ) CHG (GH 3 )=N0 2 H 

75-80 

>6 months 

27 

(2-ClG 0 H 4 ) 2 CHC(CH 3 )=NO 2 H 

42-55 

4-20 h 

27 

(C 0 H 6 ) 2 CHC(CH 3 )=NO 2 H 

70-77 

4-20 h 

27 

2-ClC 8 H 4 (4-CH 3 C 8 H 4 ) CHG (CH 3 )=N0 2 H 

89-94 

8 days 

27 

4-GlC 6 H 4 [2,4-(GH 3 ) 2 G 6 H 3 ]GHG(G 2 H 5 )=N0 2 H 

47-70 

4-20 h 

27 

CO c 6 h 5 

80-84 

several weeks 

205 

no 2 h 





a Approximate time for undiluted sample to liquefy or exhibit evident decomposition. 
6 About 90% of the sample is reported to decompose during the distillation. 


may be expected to yield products other than nitronic acids (section 
IV.G.l). Thus, the conversion of nitronic esters to nitronic acids 
appears to be a reaction of limited scope and utility, particularly 
since most esters are prepared from nitronate salts. 

Fluorene-9-nitronic acid (8) may also be prepared by reduction 
of 9-bromo or 9-iodo-9-nitrofluorene with potassium iodide 84 . This 
reaction should be considered unique, however, since reduction of 
other 1-bromo-l-nitroalkanes with mild reducing agents produces 
nitroalkanes 189 . 

Table 6 lists most of the known, isolable nitronic acids in order of 
molecular formula. Usually only solids are sufficiently stable to be 
isolated in pure form. Melting points and approximate half-lives 
are given where this information is available. The approximate half- 
life (measured at room temperature) is arbitrarily chosen as the time 
required for liquefaction or evident decomposition of a compound. 
Since no standardized procedure has been employed for this meas¬ 
urement, the times listed are necessarily very approximate. The 
information should prove useful, however, in correlating structure 
with stability. 


B. Physical Properties of Nitronic Acids 

Ionization constants of nitronic acids are summarized in Table 5, 
melting points in Table 6. 
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The ultraviolet spectra of nitronic acids resemble closely the 
spectra of nitronate anions (salts) and nitronic esters 206 . A strong 
v — 7T* band (e^ 10000) is found near 220-230 m^ for simple 
aliphatic nitronic acids measured in ethanol or water 47 ' 62 . The 
corresponding nitronate anions absorb at nearly the same wave¬ 
length (usually ca. 10 rn.fi higher, depending on structure) with 
approximately equal extinction coefficients 47 ' 52 ' 207 ' 208 . Absorption 
spectra of nitronate anions have been published elsewhere 120,209 ' 210 . 
Olefinic or aromatic ring conjugation produces the expected batho- 
chromic shift in absorption maximum wave length [C 6 H 5 CH= 
NO, 284 m fi (s 20000); C 6 H 6 CH=N0 2 - Na+ **£ 294 m fi 

(s 25000)] 63,211-214 . The nitronic acids produced by irradiation of 
pyridyl and phenylnitrophenylmethanes are highly colored with 
strong absorption bands near 580-700 m fi (see section II.B) 74 - 75 ; in 
this group of compounds the corresponding nitronate salts absorb 
at wave lengths ca. 10 m fi lower (ethanol solvent) 75 . 

The infrared spectra of nitronic acids are characterized by C=N 
absorption near 1620-1680 cm -1160 ' 178 ' 206 . This absorption is in the 
region of oxime C=N absorption, 1640-1684 cm -1 216 . Conjugation 
shifts the absorption to slightly lower frequencies; fluorene-9- 
nitronic acid absorbs at 1652 cm -12n . Nitronic esters absorb 
intensely in the region 1610-1660 cm" 1 (C=N). Nitronate salts 
absorb at much lower frequencies, as one observes with carboxylate 
salts 215 . Sodium alkanenitronate salts reveal a C=N band in the 
region 1587-1605 cm- 1216 . 

The infrared absorption of nitronic acids in the OH stretching 
region resembles that of carboxylic acids. A free OH stretching band 
is absent 211 . One observes the broad absorption band envelope in the 
region 2500-3000 cm" 1 characteristic of associated weak acids 206,211 . 

Few nmr spectra of nitronic acids have been reported 217-219 . From 
nmr, infrared, and ultraviolet spectra measurements it was concluded 
that the imine 45a exists as the nitronic acid 45c, rather than nitro- 
olefin 45b, in methanol or deuteriochloroform; in the latter solvent 
an AB quartet was observed at r 2.38, 3.27 217 . 


n=chgh 2 no 2 

(45a) 

M.p. 124-125° 


COCH 3 

nhch=chno 2 

(45b) 



,ch 3 oh 

max 


COCH3 

n=chch=no 2 h 

(45c) 

388 m/ti (e 23694) 
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C. Reactions of Nitronic Acids 

Nitronic acids are quite reactive. The C=N bond undergoes many 
addition reactions. Nitronic acids are also good oxidizing agents and 
are readily reduced to oximes. They participate in autooxidation- 
reduction reactions. The reactions which are discussed in this section 
are principally those of nitronic acids and nitronate anions in acid 
solution. Reactions of nitronate salts, or of nitronate ions in basic 
solution, with a few exceptions, are not discussed. Formation of 
nitronic esters and anhydrides is described in following sections. 


I. Addition reactions of nitronic acids 


Two distinct patterns of addition are evident: (a) In acid solution 
a protonated nitronic acid (46) adds nucleophiles such as halide 
and hydroxide ion; simultaneously the nitronic group ultimately 

R 1 OH " R 1 NO 

\ +/ \ / 

C=N + Nu~ -»- G + H a O (30) 

\)H R 2 ^ \fu 


(46) Nu- = 0H-(H 2 0), Cl- Br- I~ 


becomes nitroso in the product (equation 30). Alternatively, in 
strongly acidic solution a dehydration to a nitrile oxide may precede 
addition of water to form a hydroxamic acid. ( b ) Nitronate anions 
exist in acid solution, although they are present in much lower 
concentration than in basic solution. They undergo addition with 
electrophiles such as nitrosonium, and nitronium ions, halogens, and 
hypohalogen acids. The nitronate group becomes nitro in the 
product (equation 31). 

R 1 R 1 NO, 

\ \ / 

C=NO a - + E+ -> G (31) 

' r/ r^ \ 

E+ = NO+, N0 2 + (N 2 0 4 ), G1+ (Cl 2> HOG1), Br+ (Br 2 , HOBr), CH 2 0 


a. Nucleophilic addition. Nucleophilic additions occur on a pro¬ 
tonated nitronic acid. Addition of water to nitronic acids is one of the 
most important nucleophilic addition reactions. It is a useful route 
to aldehydes and ketones (Nef reaction), hydroxamic acids, and 
carboxylic acids. 
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The Nef reaction 15 is important synthetically. It has been re¬ 
viewed 4,220 and its mechanism studied 46,47,209,221 - 22 «. The reaction 
involves treatment of a nitronate salt or nitronic acid with aqueous 
acid; in effect, it is the acid-catalyzed hydrolysis of a nitronic acid. 
The mechanism may be expressed by the equations 32, 33, 34, 
and 3 5 209 ' 222 ' 227 . The details of the decomposition of the hydrated 


R 1 


O 




"C=N + H+ — 

/ \ 

R2 OH 


R 1 OH 

\ ©/ 

G=N 

R 2 \h 


R 1 OH 

\© / 

G—N (fast) (32) 

/ \ 

R 2 OH 


(46) 


R 1 OH 

\ ©/ 

C=N + H„0 

/ \ 

R 2 OH 


R 1 


(46) 


R 1 


©/ 

-N 


OH 


C- 

/I 

R 2 OH H OH 


R 1 

\ 


OH 

\ ©/ 

G--N 

/I I \ 

R 2 OH H OH 
(47) 


(slow) 


/ 


G=0 + H,0 + H+ -f HNO 


R 2 


(47) 


R 1 


G- 


©/ 

-N 


OH 


R 2 OH H OH 
(47) 


R 1 

\ 

C—N==0 + H a O + H+ 

/I 

R 2 OH 
(48) 


(33) 


(34) 


(35) 


intermediate 47 are not completely understood. The formation of the 
blue color which frequently accompanies the Nef reaction may be 
explained by formation of the hydroxynitroso compound 48 209 . The 
initially formed nitrogenous product of the reaction is believed to be 
the unstable intermediate nitroxyl (HNO) which forms nitrous 
oxide (equation 36). 


2 HNO -> H 2 0 + N z O (36) 

A direct acid-catalyzed Nef reaction is possible without starting 
with a nitronate salt or a nitronic acid 60,51 141,228 . 2-Octanone has 
been obtained directly from rf-2-nitrooctane by refluxing with 
aqueous hydrochloric acid 80 . The recovered nitro compound re¬ 
tained all its optical activity indicating, in this example, that the 
Nef reaction was faster than tautomerization of the intermediate 
nitronic acid, formed by an acid-catalyzed process (equation 37). 
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R 1 O R 1 O R 1 O 

\ / H+ \ / -H+ \ / 

GHN -> GHN -> C=N (371 

/ s / s _ / \ ; 

R 2 o r 2 oh® r 2 oh 

(49) 

Studies have been made to determine optimum conditions for 
securing high yields of aldehydes and ketones in the Nef reac¬ 
tion 46,47,105,223 . The reaction is pH dependent. A low pH (0.1-1) 
favors Nef reaction over tautomerization which occurs more readily 
at pH 3-5 (see Table 7) 47 . A very low pH (as with 85 % sulfuric acid) 
favors hydroxamic acid formation, possibly proceeding by a different 
mechanism 222 . 

The yields of aldehydes and ketones on Nef hydrolysis vary 
(0-100 %) and depend on the structure of the nitronic acid (Table 8), 
as well as on pH (Table 7). Tautomerization to the parent nitro 
compound is an important competing reaction, although other 
reactions can occur 65,240 . Simple, unsubstituted aliphatic nitronic 
acids readily undergo the Nef reaction 32,160 . However, branch¬ 
ing near the nitronate carbon, which hinders attack, decreases 
yields 221,229,231,232 . Compounds of structure Ar 3 CCH(Ar)N0 2 fail 
to undergo the Nef reaction 65 . 

Factors which stabilize nitronate anions (and nitronic acids) 
inhibit the Nef reaction 32 . These include resonance stablization, 
presence of electron-withdrawing groups, and hydrogen bonding. 
/-Nitrophenylnitromethane 222 and 1,1,1,2,2,3,3-heptafluoro-5-nitro- 
pentane 233 fail to undergo the Nef reaction. Nitrodesoxyinsitols fail 
to undergo the Nef reaction 237,238 and may be recovered unchanged; 
stabilization of the nitronate anion by hydrogen bonding 49 has 
been suggested to explain this result 51 . Homoallylic resonance in the 


OH 



nitronic acid of 5-nitronorbornene (Table 8, no. 20) has been 
suggested as an explanation for failure of the Nef reaction 240,241 ; 
however, the nitro compound is not recovered 240 . 

Ring strain in the transition state leading to a product having an 
exocyclic double bond is probably the explanation for failure of the 


Table 7. Products of nitronic acid decomposition in water at various pH. 
(0.1 M solutions of nitronic acid in buffer solutions at 21°) 47 
A. Ethanenitronic acid 


pH 

c 2 h b no 2 

CH 3 CHO 

ch 3 ch=noh 

NO, 

/ 

GHjjG 

\ 

NOH 

no 2 - 

3.4 

100 

0 

0 

0 

0 

2.9 

85 

7 

3 

4 

0 

2.07 

59 

28 

6 

6 

0 

1.50 

27 

61 

6 

6 

0 

1.18 

6 

82 

6 

5 

0 

0.45 

0 

98 

0 

0 

0 

B. Propane-2-nitronic acid 





NO 






/ 


pH 

(CH 3 ) 2 GHN0 2 

(CH 3 ) 2 CO 

(CH 3 ) 2 C=NOH 

(CH 3 ) 2 C 

no 2 - 





\ 



no 2 


5.4 

100 

0 

0 

0 

0 

5 

85 

7-8 

7-8 

0 

7-8 

4.25 

44 

20 

19 

15 

4 

3.75 

27 

26 

25 

20 

5 

3.10 

10 

30 

30 

29 

0 

2.5 

3 

32 

31 

32 

0 

2.2 

0 

33 

32 

33 

0 

2 

0 

39 

32 

29 

0 

1.5 

0 

49 

28 

22 

0 

1.15 

0 

80 

12 

7 

0 

0.50 

0 

100 

0 

0 

0 


C. Cyclohexanenitronic acid 



4.8 

100 

0 

0 

0 

0 

4.15 

43 

20 

21 

14 

7 

3.05 

6 

32 

31 

31 

0 

2.40 

0 

38 

31 

30 

0 

1.50 

0 

70 

24 

5 

0 

1 

0 

84 

15 

1 

0 

0.15 

0 

100 

0 

0 

0 
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Table 8. Syntheses and attempted syntheses of carbonyl compounds 
by the Nef reaction. 




Yield carbonyl 


No. 

Nitroalkane 

compound (%) 

Ref. 

1 . 

ch 3 no 2 

100 

47 

2. 

ch 3 ch 2 no 2 

77 

47, 229 

3. 

gh 3 ch 2 gh 2 no 2 

80 

47, 229 

4. 

(ch 3 ) 2 chno 2 

84 

47, 229 

5. 

ch 3 (ch 2 ) 3 no 2 

85 

229 

6. 

CH 3 CH 2 CH(CH 3 )N0 2 

82 

229 

7. 

(ch 3 ) 2 chch 2 no 2 

32 

V 229 

8. 

(gh 3 ) 3 cch 2 no 2 

very low 

230, 231 

9. 

(GH g ) 2 G (CH 2 N0 2 ) 2 “ 

0 

232 

10. 

cf 3 cf 2 cf 2 ch 2 ch 2 no 2 

0 

233 

11. 

GH 3 GH 2 CH(GH 2 0H)N0 2 

50 

179 

12. 

(GHg) 2 GHGH (OH) CH 2 N0 2 

0 

179 

13. 

|—| no 2 

56 

209 

14. 

rj-NO, 

(g 6 h 5 ) 2 —^• c 6 h 5 

very low 

234, 235 

15. 

[>-N° 2 

89 

209 

16. 

j-^pN0 2 

85-97 

47, 209 





( continued ) 
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Table 8 —continued 


No. 

Nitroalkane 

Yield carbonyl 
compound (%) 

Ref. 

22. 

4-0 2 NC 6 H 4 CH 2 N0 2 

0 

22 

23. 

(C 6 H 5 ) 3 CHCH(C 6 H 5 )NCV 

94 

65 

24. 

(C 6 H 6 ) 2 C(CH 3 )CH(C 6 H 6 )N<V 

0 d 

65 


a Monosodium salt employed. 
6 


O 


O 


.NH 


was obtained in 42% yield with 9.2% aqueous HG1 at —20 
_ J0° 240 


to 


c Nitronic acids employed rather than salts. 


d C e H s 



(^0^5)2 


was obtained in 70% yield with methanolic hydrogen 
chloride. 


Nef reaction with certain strained nitrocycloalkanes. This effect may 
explain the failure of 5-nitronorbornene to undergo Nef reaction in 
contrast to the behavior of 5-nitrobicyclo[2,2,2]-2-octene (Table 8, 
no. 21). An example of the effect of ring strain coupled with steric 
hindrance is shown by l-nitro-2,3,3-triphenylcyclobutane (no. 14) 
which undergoes the Nef reaction in very low yield 234,235 . Nitrocyclo- 
butane provides a lower yield (56 %) of ketone than nitrocyclo- 
pentane (89%) and nitrocyclohexane (85—97%) 47,209 . 

Reaction of concentrated sulfuric acid (85-100 %) with salts of 
primary nitroalkanes leads to hydroxamic acids 243-246 . The subject 
has been reviewed 246 and the mechanism discussed 222,240,247,248 . 
Direct conversion of nitroalkanes to hydroxamic acids has been 
observed in concentrated sulfuric acid 143,244 (equation 38). Nitronic 

h 2 so 4 

GH 3 GH 2 GH 2 N0 2 -> CH 3 CH 2 CONHOH (38) 

44% 

acid should be considered a primary reaction intermediate 244,249,250 . 
The nitronic acid would be protonated as in the first step of the Nef 
reaction. Two mechanisms may be considered 222 : 

(1) Nitrile oxide mechanism 24 °. In strong acid solution—in con¬ 
trast to dilute aqueous acid used in the Nef reaction—dehydration 
of intermediate 46 might be expected to be favored over hydration. 
The resulting nitrile oxide intermediate 50 could rehydrate to 
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produce hydroxamic acid (equation 39). The nitrile oxide mecha¬ 
nism is favored to explain the cleavage and/or rearrangement of 


R OH 

\ ©/ 

C=N 

/ \ 

H OH 

(46) 


-> RC=NOH© + H„0 


(50) 


RfeNOH© + H„0 -V H+ + RC=NOH 


(50) 


OH 

(51) 


RCNHOH (39) 

II 

O 

(52) 


a-nitro ketones 247 . Of two tautomeric forms, the hydroxyamide form 
52 is usually favored over the oxime 51 at equilibrium 261 . 

(2) Nitroso alcohol mechanism ™’™. A less favored mechanism, 
since water concentration is so low, involves initial hydration of 46 
to the Nef intermediate 47, followed by dehydration to the nitroso 
alcohol 48 and tautomerization to the hydroxamic acid (equation 


R H OH R 

\ I/© —h 3 o + \ . 

C-N -— >• C 


NO 


H OH 


OH 


(47) 


H OH 
(48) 


-> RCNHOH 

II 

O 

(52) 


(40) 


40). Argument against this mechanism is the fact that hydroxamic 
acids are not usually formed under Nef conditions where dilute acid 
is employed. 

The effect of structure on yields of hydroxamic acid has been 
studied 222 . In contrast to behavior observed in the Nef reaction, ; 
electron-withdrawing groups facilitate hydroxamic acid formation. 
In 85% sulfuric acid solvent the yield from /;-nitroplienylnitro- 
methane is 86%; from 1-nitropropane, 28% (equation 41). 



ch=no 2 h 


85% [fjSO, ^ 



(41) 


86 % 

Carboxylic acids and hydroxylamine are formed by 
treatment of primary nitroalkanes with concentrated mineral 
acids 14011 ' 141-143 ' 243 ' 263 - 263 . Nitronate salts may also be employed. The 
reaction is sometimes called the Victor Meyer reaction after its 
discoverer and developer (1873-1876) 141 142 ' 243 ' 263 ' 264 . The reaction 
has synthetic utility both for preparation of carboxylic acids 264 ’ 266 
and hydroxylamine 142,266-269 . 
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Reaction conditions for carboxylic acid formation are somewhat 
more vigorous than those required for hydroxamic acid formation. 
Solutions of nitroalkane in 85 % sulfuric acid, or concentrated hydro¬ 
chloric acid-acetic acid, are heated under reflux for several hours 
(equation 42). Yields of both acid and hydroxylamine are often 

CH 3 CH 2 N0 2 CH s CO a H + NH 3 OH+ HS0 4 - (42) 

88 % 86 % 

high (80-90 %) 143 . Hydroxamic acids may be isolated when lower 
temperatures or shorter reaction times are employed 143,261 . It seems 
reasonable that hydroxamic acids are intermediates in the reaction. 
Thus the mechanism would involve the steps for hydroxamic acid 
formation, followed by acid-catalyzed hydrolysis of the hydroxamic 
acid 1403,270 (equation 43), 

, © 

RCNHOH + H+ -->■ RGOH + NH„OH (43) 

II II 

O O 


One commercially feasible hydroxylamine synthesis employs 
1,2-dinitroethane which forms oxalic acid 267-269 . Another process 
employs nitromethane 142 • 265 • 386 ■ 258 - 266 - 271 . 

An extension of the reaction to secondary nitroalkanes permits 
preparation of amides by including azide as a reactant 272,273 
(equation 44). 

H 2 S0 4 , NaN, 

K-Pr 2 C==N0 2 ~Na+ ——- -> n-PrCONHPr-n (44) 

62% 

Hydrogen halides add to nitronic acids 105 . With nitronate salts in 
ether solvent the blue a-halonitroso product 203,249 may occasionally 
be isolated as a colorless dimer 189,249,274 (equation 45). (The oc- 


CH 3 CH=N0 2 ~Na+ 


HCl, Et.O 


ch 3 ch=noh 



I 

Cl 

Blue oil 


O Cl 

T I 

> CH 3 CHN=NCHCH 3 (45) 
Cl o 

Colorless 
M.p. 65° 


halonitroso compounds are also readily prepared by halogenation of 
oximes 189,274,274a ). 

The reaction mechanism is believed to depart from the protonated 
nitronic acid intermediate 46 common to nucleophilic addition 
reactions of nitronic acids. Addition of hydrogen chloride to form 
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53, followed by dehydration, produces the nitroso product 54 
(equation 46), 

R 1 OH R 1 Oh( 

\ ©/ \ ©/ 

C=N + HC1- > C — N ' 

/ \ /I l\ 

R 2 OH R 2 Cl H OH 

(46) (53) 

(46) 

R 1 OH R 1 

\ ©/ \ 

G—N - > GNO + H„0+ 

/I l\ /I 

R 2 G1 H OH R 2 Cl 

(53) (54) 

The stereochemistry of this addition has been examined (equation 
47) 105 . The potassium salt of 55 was treated with hydrogen chloride 
in ether at 0°. The resulting nitroso group appears trans to the 
adjacent R group (phenyl, methyl) in product 56 in the kinetically 
controlled process. Interestingly, 56a could not be prepared by 
chlorination of the required oxime 105 . 



(55a) R = GH S (56a) (78%, R = CH 3 ) 

(55b) R = GgHg (56b) (23%, R = C e H 5 ) 


The oc-halonitroso compounds derived from primary nitronic 
acids tautomerize readily to form hydroxamic acid chlorides 
(a-chlorooximes) 248 ' 250 ' 274,274a ’ 275 . The blue phenylchloronitroso- 
methane 57 is observed in solution when phenylmethanenitronic 

HCl 

C 6 H 5 CH=N0 2 H ->■ CoHgCHNO -> C 6 H B C=NOH (48) 

Et 2° | | 

Cl Cl 

(57) Blue (58) Colorless 

(not isolated) M.p. 50-51° 

acid is treated with hydrogen chloride in ether; it has not been 
isolated, however, and rearranges to colorless benzohydroxamic 
acid chloride (58) 249 - 274 ’ 275 (equation 48). The ammonium salt of 
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ethyl nitroacetate forms ethyl chlorooximinoacetate (59) 250 (equa¬ 
tion 49). 


HCI 


c 2 h 6 o 2 cch=no 2 “ nh 4 + -^ r77 > c 2 h b o 2 cchno 


EtnO 


-> g 2 h b o 2 gg=noh 


Cl 


G1 

(59) 


(49) 


Reaction of hydrogen bromide with nitronic acids to form ot- 
bromonitrosoalkanes appears not to have been reported. The less 
stable a-bromonitrosoalkanes are prepared by bromination of 
oximes 189,274 . 

Hydrogen iodide (aqueous) reduces nitronic acids to oximes and 
is the basis for a quantitative analytical determination; the liberated 
iodine is titrated with sodium thiosulfate 276 (equation 50). 


R 2 C=N0 2 H + 2 HI(aq.) ->- R 2 C=NOH + H a O + I 2 (50) 


The a-halonitrosoalkanes may be oxidized to a-halonitroalkanes 
with peroxytrifluoroacetic acid 189 . 

b. Electrophilic addition. Electrophilic additions to nitronic acids 
occur on the nitronate anion. The following discussion is limited to 
reactions of nitronic acids in acid solution. With a few exceptions 
the many reactions of nitronate salts and nitronate anions in basic 
solution—Michael addition and aldol-type condensations, for 
example—will be discussed in the second volume of this treatise. 

Halogens, or hypohalogen acids, add readily to nitronic acids 
to yield a-halonitroalkanes 170,201 (equation 51). The mechanism 

C 6 H b 0H=NO 2 H + Cl 2 -> C 6 H b CHC1N0 2 + HCI (51) 

involves addition of halogen to a nitronate anion (equation 52). 
R 1 OH R 1 0~ 

\ / \ f 

C=N G=n; + H+ 

R* " O R? % 

R 1 O- R 1 (52) 

\ /' \ 

C=N: + X, (or XOH) -> G—NO 0 + X' (or OH-) 

/ /1 

R2 O R 2 X 

X = Cl, Br, I 

Addition of iodine monochloride (IC1) produces the iodo compound, 
R 1 R 2 GINO a , and chloride ion 209 . It is to be noted that a-halonitro¬ 
alkanes are most conveniently prepared by halogenation of nitronate 
salts. 
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Reaction of nitrous acid with nitronic acids and salts yields 
pseudonitroles (blue) 105,201,277-279 . These pseudonitroles derived 
from primary nitronic acids isomerize very readily to nitrolic 
acids 170,269,277-279 . The reaction was discovered by Victor Meyer 
(1873) 278,279 who first prepared acetonitrolic acid and dimethyl 
pseudonitrole by addition of dilute acid to a mixture of nitroalkane 
salt and potassium nitrite (equations 53 and 54). The blue pseudo¬ 
nitroles may be isolated in the solid state or in solution; often they 
are isolated as colorless crystalline dimers. On melting, the dimers 
form blue liquids containing pseudonitrole monomer (equation 54). 


H+ 

GH 3 GH=N0 2 - Na+ + KN0 2 -> CH 3 C=NOH (53) 

Ao 2 

Acetonitrolic acid 

M.p. 81-82° 

no 2 O 

H+ 1 * t 

(GH 3 ) 2 0==NO 2 - Na+ + KNO a ——(CH 3 ) 2 CN0 2 (CH 3 ) 2 GN=NC(CH 3 ) a 

I Heat I | 

NO O NO, 


Dimethyl pseudonitrole 


Dimer 
M.p. 76° 


(54) 


The reaction mechanism for pseudonitrole formation very likely 
involves nitronate anion, rather than nitronic acid, in a reaction 
with nitrosonium ion (NO+) or N 2 0 4 105 (equation 55). 


hno 2 + H+->■ NO+ + h 2 o 


R J O' 

\ 

/ C=N < ^ + NO + 

R 2 6 (or N 2 0 4 ) 



Dimer (Colorless) 

(55) 

The stereochemistry of pseudonitrole formation has been examined 
in the system shown in equation 56 1 05 . Addition of NO+ to 60 occurs 
cis to the R group (C 6 H 5 , CH 3 ) leading to a trans arrangement of R 
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(60a) R = GH 3 (61a) (83%, R = CH 3 ) 

(60b) R = C 6 H 5 (61b) (58%, R = C 6 H 6 ) 

and nitro (product development control) in the product 61; repul¬ 
sion of R and incipient NO a in the transition state may account for 
the result. 

Since nitrous acid may be formed from nitrite on acidification of 
nitronate salts (the nitrite formed in situ by air oxidation of nitro- 
nates 280 or autooxidation-reduction of nitronic acids 47 ), pseudonitrole 
and nitrolic acid formation is a side reaction which often results on 
regeneration of nitroalkanes from their salts 160 ' 180 - 226 - 249 ' 281-283 . This 
reaction is favored by use of aged nitronate solutions at 0-25°, and 
by slow addition of the nitronate salt to the acid 226 - 283 . For example, 
sodium bicyclo[2,2,l]heptane-2-nitronate when added slowly to 
aqueous hydrochloric acid at room temperature leads to a 20 % yield 
of pseudonitrole dimer 62 226 . Conditions have been developed for 



M.p. 108° 

securing high yields of pseudonitroles by simple acidification of 

nitronate salts; the process has been patented 281-283 . 

Addition of dinitrogen tetroxide to nitronic acids 181 - 182 - 284 or 

nitronate salts 286,286 also leads to pseudonitroles or nitrolic acids, a 

reaction discovered by Bamberger 83 . Oximes also may be used as 

reactants 83 - 181 - 182,285 . Excess N 2 0 4 converts phenylpseudonitrole into 

a, a-dinitrotoluene 181,182,284 (equations 57-59). 

G 6 H 5 G(GH 3 )=N0 2 - Na+ + N 2 0 4 ->- C 6 H 6 G(CH 3 )NO + NaN0 3 (57) 

Et a O | 

no 2 

C 2 H 6 0 2 CCH=N0 2 — Na+ + N 2 0. - > C 2 H 6 0 2 CC=N0H + NaN0 3 (58) 

Et a O | 

no 2 
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c 6 h 5 ch=noh 


C 6 H b CH(N0 2 ) 2 


( 59 ) 


Attempts to convert 1,1-dinitroalkanes into 1,1-dinitro-l-nitroso- 
alkanes by this method have led to other products 181 . Potassium 
1-nitroethanenitronate forms acetonitrolic acid, presumably due to 
hydrolysis by adventitious water of the observed blue intermediate, 
1,1-dinitro-l-nitrosoethane ( 63 ) 286 (equation 60). a-Nitrophenyl- 
methanenitronate forms trinitromethylbenzene by oxidation of the 
intermediate nitroso compound 64 181,284 (equation 61). 


NO 

, n 2 o 4 I h 2 o 

GH a C=NO,-K+ ■ > GH,GN0 2 - ■ ■ > GH 8 C=NOH 

3 I 2 Et 2 0 I I 


NO, 


NO, 


NO, 


(60) 


(63) Blue 
(not isolated) 

NO 


NO, 


, N 2 0 4 1 n 2 o 4 I 

g 6 h 6 c=no 2 -k+ c 6 h 5 cno 2 -> c 6 h 6 cno 2 


NO, 


no 2 

(64) 


NO, 


( 61 ) 


Pseudonitroles are quite reactive compounds and may become 
converted into other substances under the usual preparation condi¬ 
tions. The isomerization of primary pseudonitroles (those having 
an alpha hydrogen) to nitrolic acids occurs very readily in the ali¬ 
phatic series. No simple aliphatic pseudonitrole of structure 
RCH(NO)NO a appears to have been described. Phenyl pseudo¬ 
nitrole, C 6 H b CH(N 0)N0 2 , has been prepared and isolated as its 
dimer which was found to be unstable at room temperature, de¬ 
composing in one day, and melting with explosive decomposition 181 . 
With aqueous alkali it readily isomerizes to benzonitrolic acid 181 . 
Dimers derived from disubstituted pseudonitroles, R 1 R 2 G(N0)N0 2 , 
are stable 279,282 . Benzonitrolic acid decomposes on standing in 
nitrous acid solution, or on warming, to yield diphenylfuroxan 
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The nitration of dipotassium tetranitroethane with mixed acid 
(5-70°) to produce hexanitroethane in 90 % yield should be con¬ 
sidered an electrophilic addition of nitronium ion to a bisnitronate 
ion 287 (equation 63). 

0„N NO. 

e *:o-c; © + 2 no 2 + -- ► (o 2 n) 3 c-c(no 2 ) 3 (63) 

o 2 n no 2 (h 2 so 4 ,hno 3 ) (90%) 

M.p. 142° 

The conversion of the trinitromethyl substituted nitronic acid 66 
into a bisdinitromethyl derivative 67 is an interesting rearrange¬ 
ment 288,289 . The reaction, carried out in ethanol with potassium 
acetate 288 or ammonium hydroxide 289 , may involve intramolecular 
or intermolecular nitration of the intermediate nitronate ion by the 
co-trinitromethyl group (equation 64). 

KOAc 

(0 2 N) 3 CCH 2 C—N0 2 H (0 2 N) 2 CHCH 2 C(N0 2 ) 2 (64) 

R R 

(66) (67) 

R = H, GH 3 , C 2 H 5 

Nitronic acids, nitronate salts, and certain nitroalkanes react with 
diazonium salts to form a-nitroaldehyde hydrazones in high 
yield 6,170 ’ 259,290-299 . The reaction was discovered by Victor Meyer 290,291 . 
It involves an addition to a nitronate anion (equation 65). The 

g 6 h 5 gh=no 2 h —g 6 h 5 gh=no 2 - + H+ 

G 6 H 5 CH=N0 2 - + C fl H 5 N 2 + ->■ G 6 H 6 C=NNHC 6 H 5 

no 2 

M.p. 101.5-102° (65) 

CH 3 CH=N0 2 - Na+ + C 6 H 6 N 2 + -> GH 3 G=NNHC 6 H 5 

no 2 

92%; M.p. 141-142° 
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a-nitroaldehyde hydrazones react with diazomethane to produce 
orange-red methyl esters of phenylazonitronic acids (see section 

jy.A 1^6,295-299 

Phenyl isocyanate reacts with arylmethanenitronic acids to 
produce diphenylurea 33 and unidentified oils 82,201 . 


2. Oxidation and reduction reactions 

The reaction of nitronic acids with oxidizing agents has not been 
extensively studied. Bornane-2-nitronic acid is oxidized to camphor 
with permanganate 201,230 (equation 66). Oxidation of2-(nitromethyl)- 
alkanenitronic acids (formed in situ from the sodium salts) occurs 



smoothly with nitric acid (but not sulfuric acid) to yield 2-nitromethyl- 
alkanoic acids 232 (equation 67). The hindered nitronic acid, 

HNO, 

(gh s ) 2 ggh=no 2 h ^4- (CH 3 ) 2 CC0 2 H (67) 

ch 2 no 2 ch 2 no 2 

66 % 

(C 6 H 5 ) 2 CHC(C e H 5 )=N 0 2 H, was found to be inert to sodium 
peroxide or ozone 85 . The oxidation of secondary nitronate anions 
by oxygen in basic solution to yield ketones 280 is not observed in acid 
solution. 

Reduction of nitronic acids to oximes occurs readily in excellent 
yields, with a wide variety of reducing agents (Table 9). The 
polarographic half-wave potential at pH 0 for reduction of propane- 
2-nitronic acid to acetoxime is — 0.9 v; at pH 2, Ei = 1.05 V 44 

(GH 3 ) 2 C=N0 2 H + 2 H+ + 2c- -> (CH 3 ) 2 C=NOH + H a O (68) 

(equation 68). Reduction of cyclohexanenitronic acid to cyclo¬ 
hexanone oxime (70-80 % yield) has been accomplished with several 
reducing agents (see Table 9 (equation 69)). Hydroxylamine 
reduces cyclododecanenitronic acid to the oxime in 91 % yield 203 . 


o 


NOoH + H,S 


NOH + HoO + S 


(69) 


77% 
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Table 9. Reduction of nitronic acids to oximes. 


Yield oxime 


Nitronic acid 

Reducing agent 

(%) 

Ref. 

ch 3 ch=no 2 h 

HI 

. 100“ 

276 

CIEGJLGH NO,, II 

HI 

100“ 

276 

(GH 3 ) 2 G=: 

no 2 h 

HI 

100“ 

276 

^NO,H 

HI 

100° 

276 

r r 


h 2 s 

77 

300, 301 



h 2 s 2 o 3 

80 

302 



nh 2 oh 

— 

303 



nh 4 gi, ch 3 oh 

70 

304 

4-BrG a H 4 GH=N0 2 H 

NaHg 

— 

33 

g 6 h b gh= 

no 2 h 

NaHg 

— 

33 

r -c 

i=no 2 h 




(GH 2 ) 10 


nh 2 oh 

91 

203 

^—( 

ih 2 




(G a H B ) 2 GHG(C 6 H 6 )=N0 2 H 

AlHg 

— 

65 


a Quantitative analytical method; product not isolated. 


Phenylmethanenitronic acid is reduced to the oxime with zinc and 
alkali and sodium amalgam 33 ; aluminum amalgam has also been 
used for nitronic acid reduction 08 . Complete reduction of a nitronic 
acid to the corresponding amine appears not to have been reported; 
catalytic (Pt) hydrogenation should effect it. 

The mechanism of nitronic acid reduction may involve a radical- 
chain process initiated by electron transfer between nitronic acid and 
nitronate anion (equation 70) 305 . Reduction of the radical-anion 
intermediate 69 could include steps 71-74. These suggested steps 
include dissociation of 69 into oximate ion 70 and hydroxyl radical 
(71) (equation 71), followed by reduction of hydroxyl by hydrogen 

o~ 

R 2 C=N0 2 H + R 2 C=N0 2 - -> R 2 CN0 2 + R 2 CN (70) 

^OH 

(681 (69) 

O 

R 2 CN // - > R 2 C=NO~ + HO- (71) 

X OH 


(69) 

HO' + H 2 S 
(71) 


(70) 


> H a O + HS- 
(72) 


(71) 


(72) 
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o- 

. / 

r 2 cn + h 2 s-> R 2 G NO - + h 2 o 

\h 

(69) (70) 

o- 

. / 

R 2 G=N0 2 - + HS' -> R 2 CN + S (74) 

^OH 

(69) 

sulfide to hydrosulfide radical (72) (equation 72). Alternatively, a 
concerted reaction of 69 with hydrogen sulfide (equation 73) may 
be more likely to occur in the presence of the reducing agent. 
Finally, another electron exchange (equation 74) would regenerate 
69 and continue the chain. 

An interesting and complex reaction exhibited by nitronic acids 
is an autooxidation-reduction 18,27 ' 47 ’ 48 ' 65 ' 84 ' 203 ’ 204 ' 226 ’ 296 ' 306 ' 307 . This 
process has been observed in solution and in the solid state. Oxime 
is a characteristic product. Other products are ketones, substituted 
1,2-dinitroethanes, nitrolic acids, nitrous acid, and oxides of nitrogen. 

In solution the reaction is dependent on the structure of the nitronic 
acid and on the pH. It has been studied quantitatively in dilute 
aqueous solution by Armand 47,48 (Table 7, section III.G.l.a., sum¬ 
marizes some of the data). For example, cyclohexanenitronic acid 
at pH 2.4 produces the following products 47 (equation 75). Tau- 
tomerization to nitrocyclohexane is important only at higher pH. 



At lower pH (<1) one obtains only the Nef product, cyclohexa¬ 
none. It is to be noted that oxime is not a Nef product. The auto¬ 
oxidation-reduction reaction is catalyzed by acids. At certain acid 
concentrations (pH 2—4) it competes with tautomerization and Nef 
reaction. Secondary nitronic acids undergo the reaction much more 
readily than primary. 

A mechanism for the reaction is suggested by the facts above. 
Nitronic acids are very easily reduced to oximes and are present in 
unprotonated form in rather high concentration at pH 2-4. The 
initial step(s) is the Nef hydrolysis (equation 76). The reducing agent 


+ HS' (73) 
(72) 
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is believed to be the Nef hydrolysis product, nitroxyl, or its equiv¬ 
alent (equation 77); cf. the mechanism of oxime formation (equa¬ 
tions 70-74). The stoichiometry of the process which indicates that 


R 1 


O 


R 1 


/ 


C=N 


H„0+ 


R 2 


OH 


R 1 


O 


/ 

R 2 

R 1 


C=0 + H+ + HNO + H,,0 


Nef (76) 


/ 


C=N + HNO 

/ \ 

R 2 OH 

R 1 OQ 

X g=n/ 


G=NOH + HN0 2 Oxidation-reduction (77) 


R 2 

R 1 


NO 


+ NO+ 


R 2 


O 


C 

/ \ 

R 2 N0 2 


Nitrosation (78) 


oxime and pseudonitrole form in equal amounts, and in yields always 
less than that of ketone, suggests an immediate reaction of nitrous 
acid with remaining nitronic acid (equation 78). A relatively slow 
tautomerization of nitronic acid to nitroalkane (observed with 
secondary nitronic acids) evidently favors the oxidation process. 

The conversion of nitronic acids into oximes by boiling in ethanol 
solvent 84,203 could involve decomposition of an ethyl nitronate (see 
section IV.C.2), as well as autooxidation-reduction. 

Decomposition of nitronic acids occurs in the absence of sol- 
vents 13,27,66,296 , but this process has received no systematic study. 
Bamberger 296 and Konowalow 13 observed the facile formation of 
benzophenone and its oxime from diphenylmethanenitronic acid. 
The decomposition, which is believed to include autooxidation- 
reduction, often leads to oxime, ketone, and oxides of nitrogen. 
Tautomerization also occurs. The decomposition is accelerated by 
traces of water. It is inhibited by accumulation of bulky groups 
about the nitronate carbon (see half-lives listed in Table 6, section 
III.A) which also inhibits Nef hydrolysis. 

An interesting intramolecular oxidation-reduction is observed 
with the very hindered nitronic acid 73, which does not tautomerize 
to nitroalkane nor undergo the Nef reaction. In methanolic hydrogen 
chloride 73 forms the 3,4,4-triphenyl-2-isoxazoline (74) by participa¬ 
tion of the neighboring alkyl group, CH 2 R 65 (equation 79). 


(C 0 H 5 ) 2 CC(C 0 H 5 )=NO 2 H 

ch 2 r 


HC1 (C 6 H 5 ) 2 


ch,oh 


A 


-C, ; H, 


dNT 


+ h 9 o 


(79) 


(73) R = H, GH 3 


(74) 70% 
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Bimolecular coupling products (1,2-dinitroethanes such as 76) 
are obtained from fluorene-9-nitronic acid (75) and its ring- 
substituted derivatives by warming in ethanol 84 ' 205 ' 308 ^ 310 . Fluor- 
enone oxime (77) is also formed in 26% yield 84 (equation 80). 
Although other nitronic acids have not been observed to undergo 
this reaction, nitronate salts can form bimolecular coupling products 
on oxidation 311,312 . Dimer 76 is also prepared in quantitative yield 



(75) (76) (77) 


by reaction of the potassium salt of 75 with iodine 313 , or by heating 
9-iodo-9-nitrofluorene 314 . It may also be prepared in 71 % yield by 
electrolysis of the 75 salt 313 . 

Formation of dimer 76 is believed to involve the spontaneously 
initiated process leading to radicals 68, 69 (equation 70) 305 ’ 312 ' 314 ~ 316 . 
The following equations (81-86) are suggested to explain dimerization 


r 2 cno 2 + r 2 c=no 2 - 


( 68 ) 


R 

I 

> R a C-CNO,- 

I I 

NO, R 
(78) 


(81) 


R O- 

R 2 C-CNOa" + R 2 G=NO a H -> R 2 C-CR„ + R 2 CN (82) 

NO a R no 2 no 2 ^OH 

(78) (79) (69) 

o- 


. / 

R„CN — 

2 \ 

—> R a C=NO- + HO- 

(83) 

OH 

(69) 

(70) (71) 



> OH~ + R 2 GN0 2 
( 68 ) 


HO- + R 2 C=N0 2 
(71) 


(84) 
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> R 2 C=NO~ + R 2 CN0 2 + H a O (85) 

(70) (68) 

R2d=NO- + H+ --> R a G=NOH (86) 

(70) 

and oxime formation. Formation of a radical anion intermediate 
(78) (equation 81) would be favored over a reaction between radi¬ 
cals 68 and 69 312 ' 315 . An exchange would lead to dimer 79 (equation 
82). Oxime formation is explained by the sequence suggested for 
nitronic acid reduction (equation 83) involving dissociation of 69 
into oximate ion 70 and hydroxyl radical 71. Radical 68 is regene¬ 
rated by electron exchange between hydroxyl radical and nitronate 
ion (equation 84). Alternatively, a direct electron transfer between 
69 and nitronic acid could lead to the same result (equation 85). 
Finally, protons made available by required ionization of the 
nitronic acid can produce oxime (equation 86). 

The decomposition of jf)-bromophenylcyanomethanenitronic acid 
(80) into dimeric products, in the solid state or in benzene solution, 
may be a radical process 196 . Gentle heating leads to a l-nitro-1,2- 
dicyano derivative 81 (equation 87); a 1,2-dinitroethane derivative 
was not isolated 196 . Prolonged heating or a slightly higher tempera¬ 
ture leads to a 1,2-dicyanostilbene (82). o-Bromophenylcyano- 
methanenitronic acid behaves similarly 193 . In dilute aqueous sulfuric 


O- 

r 2 gn / " + r 2 c=no 2 h 

X OH 

(69) 


no 2 h 

—hno, ! 

p-BrCnH.C=NO a H -> />-BrC 6 H,C-CC 6 H,Br-/> 

| C 6 H 6 , warm ' j j 

GN GN GN 


(80) \ 
H 2 S0 4 , aq.,25°' 


(81) 30% 

M.p. 130-134° 

C 6 H e , Reflux—HNO, 

/>-BrC 6 H 4 C=^CC 6 H 4 Br-/> 

GN GN 
(82) 

M.p. 214-215° 


(87) 


( 88 ) 


acid solution at room temperature 80 is converted quantitatively 
into the dicyanostilbene derivative 82 196,197 (equation 88). The 
mechanism may involve combination of spontaneously initiated 
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radical and radical anion, with loss of nitrite from the initially 
formed adduct 83 (equation 89). 


ArC (CN)=N O a H + ArC(CN)=N0 2 - 

o- 

ArC(CN)N0 2 + ArC(CN)N 

^OH 


O' 


-> ArC(CN)N0 2 + ArC(CN)N 


Ar O' 

I / 

-> ArC(GN)CN 


/ 


OH 


(89) 


(83) 


83 -=>- ArC(CN)CH(CN)Ar + N0 2 ~ 

no 2 

Heating strongly in aqueous alkali converts the nitronate salt 84 
into an unsubstituted stilbene 85 196 (equation 90). Certain other aryl 
nitronate salts behave similarly 193,317 . 

NaOH, aq. 

^-BrC 6 H 4 C=N0 2 -Na+ ^ />-BrC 8 H 4 CH=CHC 6 H 4 Br-/> (90) 

CN 5 - 6h 

(84) (85) 70-80% 

3. Reactions of a-halonitronic acids 


The a-halonitronic acids, RC(X)=NO z H (X = halogen), are 
somewhat unique in the ease with which they undergo displacement 
of halide ion by various nucleophiles. Reactions of these substances 
are believed to occur with a nitronic acid, rather than a nitronate 
intermediate. Examples of such reactions include the ter Meer 318 
hydrolysis to carboxylic acids 318 , and coupling to 1,2-dinitroethyl- 
enes 313,320 . a-Halonitronic acids are reactive and attempts to isolate 
them have failed 32 . They are readily reduced to halide and nitronate 
anion 321 . 

The ter Meer reaction 318 involves a displacement of halide by 
weakly nucleophilic nitrite ion 322 . For example, 1,1,4,4-tetranitro- 
butane (86) may be prepared by reaction of the dipotassium salt of 
l,4-dibromo-l,4-dinitrobutane with potassium nitrite 323 (equation 
k+-o 2 n=cch 2 ch 2 c=no 2 ~k+ + 2 kno 2 -> 

Br Br 

K+-0 2 N=C(N0 2 )CH 2 CH 2 C(N0 2 )=N0 2 -K+ + 2 KBr 

HC1, Et a O 

(0 2 N) 2 CHCH 2 CH 2 CH(N0 2 ) 2 
( 86 ) 


(91) 
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91 ). The mechanism is depicted as a displacement on the a-halo- 
nitronic acid 322 (equation 92). 


H+ 


rC=N0 2 

I 

Br 


RC=NO,H 

I 


NO. 


Br 


„ -> RC=NO„H 

-Br~ | z 

NO, 


-H+ 


H+ 

RG=N0 2 -->- RCHNOjj (92) 

no 2 no 2 


The mechanism of a-chloronitroalkane hydrolysis has been 
studied 319 ' 824 . The reaction is interpreted as a displacement of 
chloride, by water, from an a-chloronitronic acid intermediate 
(equation 93). 

—ci- h,o+ 

CH 3 C=N0 2 H + H a O ->■ GH 8 G=N0 2 H -^ GH 3 G0 2 H + N 2 0 (93) 


Halonitromethanenitronic acids are unstable 32,325,326 . They under¬ 
go a complex rearrangement to dihalodinitromethanes 326 (equation 
94). Br 

, h,so 4 I 

BrC-=N0 2 -K+ ——>■ BrG=NO a H - > BrGNO s (94) 

no 2 no 2 ilo 2 

1,2-Dinitroethylene coupling products of a-halonitronic acids 
apparently are formed by displacement of halide-—by attack of 
nitronate anion on an a-halonitronic acid 320 . For example, 1,2- 
dinitro-2-butene may be formed in 36% yield from 1-chloro-l- 
nitroethane by treatment with ca. one mole-equivalent of aqueous 
sodium hydroxide solution at 10-15° (pH ca. 9) (equation 95). 

GH 3 

CH 3 C=N0 2 H + CH 3 C=N0 2 - -> HO s N=G-CN0 2 + Gl“ 

G1 Cl GH„ Cl 

GH„ CH 3 CH 3 

I * —H+ I -Cl- I 

HO„N=C-GNO a -> ~0 2 N=G-GNO a - > 0 2 NG^=GN0 2 (95) 

II II I 

gh 3 gi gh 3 Cl ch 3 

36% 

Gouphng of a-halonitroalkanes and nitronate salts can lead to 1,2- 
dinitroethanes 84,310,313,327,328 (equation 96). This reaction may be 
conducted in situ by treating nitronate salts with iodine 84,310,313,327 . 
Such reactions apparently involve nitronate ions rather than nitronic 
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NO„ 

. I 

2 G 6 H 5 CH=N0 2 “Na+ + I 2 -> G 6 H 6 GHGHG 6 H 5 + 2 Nal (96) 

NO, 

M.p. 155° 

(low melting isomer) 327 

acids. They may proceed by displacement 84 or radical-anion 84 ' 311 
mechanisms. 


4. Reactions of ketonitronic acids 

Several a- and y-ketonitronic acids have been described and their 
somewhat unique chemistry is discussed in this section. Ketonitronic 
acids are usually prepared by acidification of their alkali metal 
salts; the salts of a-nitroketones are conveniently prepared by the 
alkaline nitration of ketones 329,330 . a-Nitroketones may be prepared 
by reaction of a-bromoketones with silver nitrite 331 or sodium 
nitrite 332 . 

For all a-ketonitronic acids there exist three possible tautomeric 
forms: aci or a-ketonitronic acid (87), keto (88), and enol (89) 
(equation 97). 

R 1 GC(R 2 )=N0 2 H R 1 GGH(R 2 )N0 2 yr~er R 1 C=C(R 2 )N0 2 (97) 

O O OH 

(87) Aci (88) Keto (89) Enol 

a-Ketonitronic acid 

Compounds representing each of the three forms have been reported. 
In solution the three forms can exist in tautomeric equilibrium with 
the common anion, R 1 C0C(R 2 )=N0 2 ~. The interconversion is 
catalyzed by bases and acids. 

The relative concentration of 87, 88, and 89 may be measured by 
ultraviolet, infrared, and nmr spectroscopy 330,333,334 , and with the 
aid of bromine titration 36 . A complication lies in the presence of the 
fourth species, the common anion, particularly in protic solvents. 
The composition of the equilibrium mixture is solvent dependent 
(Table 10 ) 330 . The keto form of a-nitroketones (88) is favored in 
polar protic solvents such as ethanol as one observes with /3- 
dicarbonyl compounds 338 . Enol form 89 is favored more in aprotic 
solvents such as carbon tetrachloride or hexane suggesting an 
intramolecularly hydrogen-bonded form 330 . Its concentration usually 
remains low, however. 
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The amount of a-ketonitronic acid (87) present in these equilibria 
is believed to be quite small. However, freshly prepared solutions, 
obtained by acidification of salts of a-ketonitronic acids, probably 
contain relatively high concentrations of nitronic acid form; on 
standing the nitroketone usually results 329 . 

The acyclic a-ketonitronic acids derived from a-nitroacetophenone 
and a-nitroacetone were studied earlier by Hantzsch 32 ' 839 - 310 and 
by others 86 ' 249,331 . Other examples have been studied more 
recently 838,341 . The nitronic acid appears to be the least favored 
form at equilibrium. The keto form predominates (ca. 99 %) in 
protic and aprotic solvents for aromatic and aliphatic acyclic nitro 
ketones. 

The properties of alicyclic a-ketonitronic acids (91) generally 
resemble those of their acyclic counterparts. Alkali salts of alicyclic 
a-ketonitronic acids (90) have been prepared frequently since they 
are readily available by alkaline nitration of ketones 829 ' 380 . An oil 
is obtained by acidification of the C 6 potassium salt (90, n = 4) 
with dilute sulfuric acid at 0°; the oil, possibly a mixture of tautomers 


O 




gh 2 

(CH 2 ) n 


AmONO a 

- y 

KOBi x-t 
THF 


n = 4-8; 10 


T: n 

c^^no 2 k + „■ > 
( CH 

\ ) 

(CH,) n 

(90) 



OH.O 

(CH;)„ 


(93) 


(98) 


91, 92, and 93 (equation 98), slowly crystallizes on standing to form 
a-nitrocyclohexanone (92, n — 4; m.p. 39.5-40 0 ) 329 . Solutions of the 
freshly prepared oil give a red color with ferric chloride and are 
acidic. 

In solution in aprotic solvents alicyclic a-nitrocycloalkanones 
appear to exist to some extent in the enol form 93 334 - 342 . However, in 
protic solvents the keto form is strongly favored (Table 10). Ring 
size affects the enol content in carbon tetrachloride solution 330 ; 
C 6 , C 8 , and C 10 a-nitrocycloalkanones have higher enol contents 
than C 7 , C 9 , and C 12 homologs. 



Table 10. Equilibrium composition of nitroketones. 


Nitroketone 


gh 3 gh 2 gh 2 gogh 2 no 2 

GH 3 GH 2 G0GH(GH 3 )N0 2 

GH 3 G0G(GH 3 ) 2 N0 2 



CH 3 CH 2 CH 2 C0CH(C 2 H 5 )N0 2 

g 6 h 5 gogh 2 no 2 





C 6 H 5 C0CH(GH 3 )N0 2 


(gh 2 ) 7 g— o 
^-chno 2 


Solvent % Keto Ref. 


CC1 4 

100 

333 

CC1 4 

100 

333 

ggi 4 

100 

333 

gh 2 gi 2 

25 

335 

(CD 3 ) 2 so 2 

100 

335 

EtOH 

100 

335 

CC1 4 

50 

330 

GDC1 3 

69.4 

333 


CC1 4 

100 

330 

CC1 4 

100 

330 

c 6 h 6 ch 3 

89.7 

36 

c 2 h 5 oh 

94.7 

36 

gh 3 oh 

97.2 

36 

CDC1 3 

100 

333 


CC1 4 

100 

330 

CC1 4 

70 

330 

h 2 o 

2 

336 

EtOH 

10 

336 

ch 3 co 2 h 

12 

336 

Et a O 

62 

336 

g 6 h 6 

90 

336 

n-C 6 H 14 

10 

330 

GC1 4 

70 

330 

EtOH 

70 

330 

neat 

100 

333 

CC1 4 

90 

330 
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Table 10 — continued 


Nitroketone 


Solvent 

% Keto 

Ref. 

C 6 H 6 

93 

337 

d 2 o 

100 

337a 

CC1 4 

60 

330 

CC1 4 

100 

330 

EtOH 

97 

35 

CDC1 3 

50 

334 


CH, 


(CH 3 )o 



o 


NOo 


(ch 2 ) 8 c o 
^-ghno 2 

(CH 2 )io 0=0 

^-chno 2 


o 



Spectroscopic evidence strongly supports the presence of the enol 
93 rather than nitronic acid form 91 in aprotic solvents 330 . For 
a-nitrocyclohexanone a sharp OH peak at —3.6 r (CC1 4 ), intensity 
^ 0.5 proton, is observed in the nmr spectrum of the equilibrated 
mixture. In addition there appears a weak band at 1613 cnm 1 in 
the neat sample (possible C=C), and NO a bands at 1550 and 1515 
cum 1 representing unconjugated and conjugated nitro groups, 
respectively. Other a-nitrocycloalkanones (C 7 -C 12 ) have similar 
spectra. The carbonyl band appears in reduced intensity near 1720— 
1740 cm -1 in carbon tetrachloride solution indicating presence of 
'-/.-nitroketone 92 rather than a- l«To nitronic acid 91; also the latter 
might be expected to have a carbonyl band near 1639 cm -1 as found 
in the salts 90. No sharp OH stretching bands are found in the 
infrared spectra; only very broad bands, characteristic of more 
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associated protons, occur. The ultraviolet spectrum of a-nitrocyclo- 
hexanone in carbon tetrachloride reveals a strong band at 320 rn^ 
(e 3970) 330 . Other a-nitrocycloalkanones (C 7 -C 12 ) have similar 
ultraviolet spectra (A rnax 320-370 mu; e max 1700-4000), which could 
be assigned to the enol form 330 . Alkali salts of a-nitroketones also 
have strong bands at ca. 340 mp (e 12000) in absolute ethanol 330 . 

Comparison of the ultraviolet spectra of the a-nitroketone 94 with 
that of its nitronic ester 98 and enol ether 97 (prepared by reaction 
of 94 with diazomethane) indicate very little keto form to exist in 
96% ethanol solution 343-346 (equations 99, 100). However, the 
relative concentrations of enol 95 and nitronic acid 96 cannot be 



(94) (95) (96) (99) 

(94, 95, 96): 255(8450), 328 (4970), and 378 (11,100) m/i 



(97) 30% (98) 63% 

A ffto H 285 m/i (5320) A §^310 ny i (7950) 

358 mju (3740) 


determined from the ultraviolet spectralj data alone. 2-Nitro-l- 
tetralone (99) exhibits behavior different tpaa. that of 94. It exists 
in the enol form in hexane, but in ethanol the keto form predomi¬ 
nates 330 . The band at 370 mp is not found in 2-bromo-2-nitro-l- 
tetralone or 1-tetralone and is believed to be characteristic of the 
enol form 100 rather than the nitronic acid, 101 330 ’ 334 (equation 101), 


O OH O 



(99) (100) (101) (101) 

(99, 100, 101): A®tp x H 370 nyt (294); Ag°% ane 370 m/i (10,800) 


The formation of oxindigos (e.g. 102 ) by heating acidified 
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a -ketonitronate salts suggests a radical-anion coupling reaction char¬ 
acteristic of nitronic acids whose anions are resonance stabilized 332 ' 346 

(equation 102). 

The enol form 103 of 2-nitro-l-indanone (104) described by 
earlier workers 347 ' 348 has recently been shown to have the isomeric 




nitroolefin structure 105 349 ' 350 . The substance is prepared by con¬ 
densation of o-phthalaldehyde with nitromethane. 



(103) (104) (105) 

a-Nitrocamphor and certain bromo and chloro derivatives have 
been studied extensively 337,351_362 . With pseudo bromonitrocamphor 
(106) two forms have been isolated, m.p. 108° and 142°; the higher 
melting form is said to be a nitronic acid 337 353 ' 355 . However, the 
various crystalline so-called aci forms could also be epimeric nitro 



H 


(106) 

ketones 362 . The mutarotation of a-nitrocamphor is catalyzed by 
acids and bases 367,362 ; general acid catalysis is observed 362 . 

Salts ofalicyclic a, a'-di nitronic acids (e.g. 107) have been prepared 
from cycloalkanones by reaction with alkyl nitrates and alkali 
alkoxides 192 ' 329,335 ' 363 . Acidification of salt 107 produces an oil 
described as a bisnitronic acid 108 329 , but which may contain 
ketone 109, enol 110, as well as a nitronic acid derived from 110. 
On standing, the oil slowly crystallizes forming ketone 109. In 
methylene chloride solution 109 appears to exist 75% as the enol 
form 110, but in ethanol solely as ketone 109 335 (equation 103). 
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Dipotassium cyclopentanone-2,5-/;z.mitronate on acidification gave 
crystals (not identified) which decomposed readily to produce an 
oil 829 . 

Extending this reaction to N-methyl-4-piperidone produced a 
zwitterion (112) on acidification of the bisnitronate salt (HI) 198 . 
Its structure is believed to be the enol 112, rather than the keto- 
nitronic acid 113 since its spectra are different from the disalt 111. 
The carbonyl band of 111 at 1600 cm -1 (Nujol) is not found in 112, 
and 112 has a broad OH band near 2750 cm -1 and an ultraviolet 
band at 364 m/u not found in 111 (equation 104). 


o 



OH 


=*0,N 


A max t0H Ha ° 234 ( 496 °) 

308 m n (4080) 
390 mp (10,300) 



O 


NO, 


d O,N 


'N' 

/ \ 

H CH 3 

( 112 ) 

M.p. 119° 

; 'max t0H H2 ° 304 ( 224 °) 

364 mp (3440) 
415 m p (4150) 



NO,H 


© 

'N' 

/ \ 

H CH 3 


(113) (104) 


Alicyclic a,a'-diketonitro compounds 114-118 have been pre- 
pared 54,886 ’ 889 ' 364-876 . These substances are rather strong acids and 
in solution in protic solvents exist largely as resonance stabilized 
nitronate anions. The 2-nitro-l,3-cyclohexanedione derivatives 
114a and 114b, have been described as nitroenols 115a, b in the 
solid state 874 (equation 105). The strong absorption bands at 293 rap 
(e 5000) and at 296 mp (s 7000) of chloroform solutions of 114a 
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(105) 


(114b) R 1 = H; R 2 = C 6 H b 

and 114b, respectively, suggest a high concentration of enol in the 
aprotic solvent. 2-Nitrodimedone (114a) is a relatively weak acid 
(p/ff ltro ^ 3) compared to nitrobarbituric acid (116a) and 2- 
nitro-l,3-indanedione (118, piQ ,ltro < 0) 54 - 339 - 365 - 369 . Nitrobarbituric 
acid (116a) and its dimethyl derivative (116b, m.p. 152°) were 


I 


R 

I 

N 

o= K 

N 

I 

R 

(116a) R = H 
(116b) R = CH„ 
M.p. 152° 





prepared and studied by Holleman 54 who described them as nitronic 
acids 117 (equation 106). 

2-Nitro-l,3-indanedione (118), a much studied compound 366-376 , 
is a strong acid, comparable to hydrochloric 365 - 369 . It cannot be 
acetylated 365 and in water exists only 2 % in the nitrodiketo form 
118, or 98% as forms 119-121 by bromine titration 336 ; in benzene 



( 120 ) 


( 121 ) 
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solution, however, it exists 90% in the nitrodiketo form 118 
(equation 107). This interesting solvent effect is opposite to that found 
for all other a-nitroketones. Usually the nitroketone form is favored 
in protic solvents and the enol form is favored in aprotic solvents. It 
appears that the enol form 121 in this unique system is not important 
in either protic or aprotic solvents; the ionic form 120 is evidently 
very important in protic solvents. 

Nitromalonaldehyde (122, 123) is an unstable substance, m.p. 
50-51° 377 . It is prepared by acidification of its silver salt with 
ethereal hydrogen chloride 377 . In water it produces a yellow, 
strongly acidic solution, but it decomposes rapidly in this solvent 
to yield 1,3,5-trinitrobenzene and formic acid. It is soluble in benzene 
and may be crystallized from ligroin. In the solid state and in 


GHO 

GHOH 

it 

GHO 

chno 2 

It 

cno 2 

c=no 2 h 

CHO 

GHO 

CHO 

(122) 

(123) 

(124) 


aprotic solvents it probably exists principally as the enol 123. Very 
little nitronic acid 124 would be present in protic solvents. Rather, 
one would find principally the anion since this is a strong acid 
(pV% tro ^ 0). The sodium salt is nearly colorless in the solid state 
and relatively stable 378 ’ 379 . Aqueous solutions of nitromalonaldehyde, 
however, are colored yellow. 

y-Ketonitronic acids are known. Some are readily prepared by 
Michael addition of vinyl ketones to suitable nitroalkanes 376 ' 380 ’ 381 . 
The slow rate of reduction of the carbonyl group of 125 with sodium 
borohydride may be explained by formation of the cyclic pseudo ester 
127 from y-ketonitronate anion 126 381 (equation 108). Some keto- 
nitronic acid might be expected to be present in the aqueous 
methanol which was employed as solvent. 

GH 3 COGH=CH 2 + CH 2 (N0 2 ) 2 ->■ CH 3 C0CH 2 CH 2 CH 2 (N0 2 ) 2 

(125) 

no 2 

125 — " ch 3 coch 2 ch 2 ch=no 2 ~ " w 

(126) (127) 

The nitrovinylation reaction 191 ' 213 - 382 leads to 4-keto-l-nitro- 
olefins which exist principally in the nitronic acid form in protic 
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solvents, and principally in the nitro form in aprotic solvents 213,219 . 
The compound 128 in methylene chloride solution has the charac¬ 
teristic phenyl vinyl ketone absorption (e.g. C 6 H 6 COCH==CHCH 8 

Cp h 5 coch 3 + (CH 3 ) 2 NCH=CHN0 2 _ 1 . - g. tOK,EtOH j-(CH 3 ) a NH^ 


2. HC1 


C 6 H 5 C0CH=CHCH 2 N0 2 - —^ G 6 H 6 G0GH=GHGH=N0 2 H (109) 

(128) (129) 

4ax Cla 258 ( 10 > 900 ) 2 max° H 400 «¥* ( 660 °) 


256 m/ 2 , e n?ax 17,400) and absorbs at much lower wave 
length than the nitronic acid 129, with its extended conjugation, 
which is formed in methanol (equation 109). Unlike compound 125 
the carbonyl group in 128 can be easily reduced to hydroxyl with 
sodium borohydride 218 . 

The benzoylindenenitronic acid 130 is known and is prepared by 
acylation of potassium indene-l-nitronate 86 (equation 110). 



C„H t COCI 


( 110 ) 


(130) 77% 

M.p. 121° 

The tautomers of o- and jfr-nitrophenols are a- and y-ketonitronic 
acids, respectively 383,384 . Their yellow color in basic solution in 
protic solvents is due to nitronate anions. The yellow color was 
observed by Hantzsch to remain momentarily on acidification of these 
salts due to formation of the relatively weak nitronic acids 131, 
132 383,884 (equation 111); esters of these acids have been prepared 384 . 





Colorless 


Yellow 


(132) Yellow 
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Tautomerization of the yellow nitronic acids 131, 132 to the 
colorless nitrophenols occurs very rapidly. 

Anthrone-10-nitronic acid (134) is an interesting y-ketonitronic 
acid 35 ' 386 ' 386 . Two tautomeric forms have been reported—nitro 
ketone 133 and nitrophenol 135. Colorless 10-nitroanthrone (133) 
is prepared by nitration of anthracene in acetic acid. It forms a deep 
red potassium salt when treated with potassium hydroxide solution. 


O 



(133) Colorless 
80%; M.p. 137°; 148° 



(135) R = H; yellow; unstable (134) Red 

(136) R = OAc; yellow; m.p. 182° M.p. 80-85° 

(137) R = O a CC 6 H 5 ; yellow; m.p. 238° 

The salt reacts with cold dilute sulfuric acid to yield carmine-red 
crystals of the ketonitronic acid 134 386 (equation 112). The nitronic 
acid is quite stable and may be stored for months in a desiccator. It 
melts unsharply, ca. 80-85°, with decomposition, ultimately forming 
anthraquinone on continued heating 386 . On standing with water or 
dilute acids it is converted into the nitro form 133 with formation of 
some anthraquinone 386 . The nitronic acid or its potassium salt can 
be brominated to form colorless 10-bromo-10-nitroanthrone, m.p. 
116° 386 . Reaction of the silver salt of 134 with methyl iodide pro¬ 
duced a resin from which only anthraquinone could be isolated 386 . 
The red potassium nitronate salt may be acetylated or benzoylated 
to produce yellow 10-nitro-9-anthryl acetate (136) or benzoate, 
137 35 . 10-Nitro-9-anthrol (135, an unstable yellow substance, isolable 
only at —5°) was prepared by Hantzsch 385 by acidification of the 
ammonium salt of 134 with hydrogen chloride in ether at Dry Ice 
temperature; evaporation of the yellow solution gave 135. On 
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warming to room temperature 135 immediately produced the red 
nitronic acid 134. 

IV. NITRONIC ACID ESTERS 

preparation of Nitronic Acid Esters 

The various methods available for preparing the rather unstable 
nitronic acid esters are presented in this section. Acyclic and cyclic 
esters (e.g. the 2-isoxazoline A-oxides) are considered separately. 
Certain side reactions which defeat the syntheses are discussed, 
including C-alkylation of nitronates. 

I. Acyclic nitronic acid esters 

Three principal methods are available for preparation of acyclic 
nitronic esters: ( a ) alkylation of sodium or potassium nitronate salts, 
(b) alkylation of silver nitronate salts, and (c) reaction of nitroalkanes 
and nitronic acids with diazomethane. 

The O-alkylation of sodium and potassium nitronate salts has 
been examined extensively 5,23,84,276,387-393 . The initial product is a 
nitronic ester (138; equation 113), which may decompose easily 
under the reaction conditions to form an oxime and an aldehyde 
or ketone (equation 114). C-Alkylation may also occur (equation 
115). The course of the reaction depends on the structures of the 

R 1 R 2 C=NO a - Na+ + R 3 R 4 CHX -> R 1 R 2 C=N0 2 CHR 3 R 4 + NaX (113 

(138) 

Nitronic ester 

R 1 R 2 C=NOjCHR 3 R 4 -> R 1 R 2 C=NOH + R 3 R 4 C=0 (114) 

(138) 

RlR 2 C=N0 2 -Na+ + R 3 R 4 CHX -> R 1 R 2 G(N0 2 )CHR 3 R 4 + NaX (115) 

nitronate salt and alkylating agent. Alkylating agents of various 
types have been employed, including alkyl fluoroborates 23,390,391 , 
sulfates 275,394-396 , and halides 65,196,387-389,392,393 ’ 396 ' 397 . Nitronic esters 
prepared by this method are listed in Table 11 (method A). 

O-Alkylation with alkyl fluoroborates is the best method when 
alkali metal nitronate salts are employed 33,390,391 . In a procedure 
developed by Kornblum and coworkers 23,391 , nearly quantitative 
yields are obtained in a rapid reaction at 0° (equation 116). 

> R 1 R 2 C=N0 2 Et + Et a O + NaBF 4 (116) 
75-95% 

R 1 , R 2 = alkyl 


R 1 R 2 G=N0 2 - Na+ + (EtO) 3 BF 4 


Table 11. Synthesis and properties of acyclic nitronic esters. 
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a Methods of synthesis: A. Alkylation of sodium or potassium nitronate salt. B. Alkylation of silver nitronate salt. G. Diazomethane reaction 
with nitroalkane or nitronic acid. 

6 Very approximate time for half of undiluted sample to decompose. 

c Isolated in solution only. Ester decomposes on attempted isolation by removal of solvent. 
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Several ethyl alkanenitronates have been prepared by this method. 

However, when this reaction is applied at 50 - 70 ° to sodium cyclo¬ 
pentane- and cyclohexanenitronates and propane- 2 -nitronate, the 
esters are not obtained 390 . Oximes and iV-alkyl oximes result (equa¬ 
tion 117 ). Esters derived from simple secondary nitroalkanes are less 
stable than those from primary 23 . 

<^)=N0 2 -Na + + (EtO) 3 BF 4 . ,,^^1,,,,/ <^^=NOH + ^^NOEt 

50-74% 12-18% (ll 7) 

Methyl sulfate has been successfully employed as an alkylating 
agent for the preparation of certain nitronic esters, in unstated 
yields 275,394 ’ 395 (equation 118 ). In the reaction of methyl sulfate with 
cyclohexanenitronate, cyclohexanone oxime was formed 396 . 

C 6 H 5 CH=N0 2 -Na+ + (GH 3 ) 2 S0 4 -> C G H 5 CH=N0 2 CH 3 + Na 2 S0 4 

+ (CH 3 ) 2 S0 4 -> + Na 2 S0 4 

no 2 ch 3 

(118) 

Alkylation of sodium or potassium nitronates with alkyl halides 
has not yet produced a nitronic ester by any reported proce- 
dure 65 - 196 ’ 387 ' 389 ’ 392 ’ 393 ’ 396 ’ 397 . Oximes, aldehydes, ketones, or C-alkyl 
products result 314 ' 393 (equation 119 ). These reactions are discussed 

EtOH 

(CH 3 ) 2 C=N0 2 -Na+ + ArCH 2 Br ■ ArCHO + (CH 3 ) 2 C=NOH 

68-77% 

G 6 H 6 GH=N0 2 -Na+ + j!>-0 2 NC g H 4 CH 2 C1 -> 

C 6 H S C HC H 2 G 6 H 4 N0 2 -/j + c 6 h 5 ch=noh + />-o 2 nc 6 h 4 cho 
no 2 

37% (119) 

in detail in subsequent sections (cf. Tables 13 and 14 , sections 
IV.A .2 and IV.G.l, respectively). 

In contrast to the behavior of alkali nitronate salts, the reaction 
of silver nitronate salts with alkyl halides can be used to prepare 
nitronic 0^-^-^^^15,191,193,194,196,306,384,386,387,401,403—408,410—413 ^ syn - 

thetic method it appears limited to electronegatively substituted 


oro 

N0 2 ‘K + 
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salts. Methyl and other alkyl iodides have been employed more fre¬ 
quently than bromides or chlorides (ether solvent) to produce 
nitronic esters (Table 11 , method B) (equation 120 ). Silver picrate 

(CH 3 0 2 G) 2 G=GHGH=N0 2 Ag + GH 3 I -> 

(GH 3 0 2 C) 2 G=GHGH=N0 2 GH 3 + Agl 
80% 

4-BrC 6 H 4 C=N0 2 Ag + GH 3 I -> 4-BrC 6 H 4 C=N0 2 CH 3 + Agl (120) 

GN GN 

70-80% 


H 2 NC0CH=N0 2 Ag + RI ->- H 2 NC0CH=N0 2 R + Agl 

28-32% 

R = Et, Pr, Am 


led to a very low yield of the unstable methyl or ethyl ester, 139 384 - 386 
(equation 121 ). As with alkali nitronate salts, certain silver nitronates 
react with alkyl halides to produce C-alkylation products and/or 


NO, N0 2 

O =N0 2 Ag + RX- > 0==^~y=^0 2 K + AgX (121) 



NO, 


NO, 


R = CH 3 , Et 
X = Br, I 


( 139 ) 


oximes, oxime ethers, and aldehydes or ketones 15 - 407 - 410,415 " 418 
(equation 122). 

no 2 

i 

GH 3 C=N0 2 Ag + GHgl -> CH 3 GGH 3 + CH 3 G=NOGH 3 + GH a O (122) 


no 2 


no 2 no 2 


Methyl nitronic esters are conveniently obtained by reaction of 
nitronic acids with diazomethane in ether solvent (direct method). 
More conveniently, certain acidic nitroalkanes may be used as 
reactant (indirect method ). The diazomethane reaction has the 
advantage that mild conditions may be employed, and C-alkylation 
products are not obtained. Oximes can result, however, by decom¬ 
position of the ester 894 . Nitronic esters prepared by reactions of 
diazomethane are listed in Table 11 , method C. 

The direct method which requires a nitronic acid reactant has seldom 
been employed 23 - 191 - 394 , but would appear to be potentially quite 
useful. It is applicable at low temperature, and, although not yet 
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exploited, should be applicable to those nitronic acids derived from 
more weakly acidic nitroalkanes which do not react with diazo¬ 
methane. 4-Nitro, 4-bromophenyl- and phenylmethanenitronic 
acid have been converted into their methyl esters; the parent 
nitroalkanes also react to give the same product 23,394 (equation 123). 

4-0 2 NC 6 H 4 CH=N0 2 H + CU 2 N 2 -> 4-0 2 NG 6 H 4 GH=N0 2 GH 3 + n 2 

C 0 H 6 C(CN)=CHCH=NO 2 H + CH 2 N 2 -->- (123) 

G 6 H 6 G(GN)=GHGH=N0 2 CH 3 + N 
38% 

The indirect method is quite effective with negatively substituted 
nitroalkanes (pAf tro < ca. 8 ) 23,213,344,394,4i9,420,420a . a- and y-Nitro 
ketones and carboxylic esters react, but some enol methyl ether 
formation may be expected to result with some of these compounds 
(see section III.C.4) 344 (equation 124). More weakly acidic nitro¬ 
alkanes (piT) 11,1 ' 0 > ca. 8) such as nitromethane, 2-nitrobornane, 
and 3-phenyl-1-nitropropane do not react with diazomethane 23,421 . 

4-BrC 6 H 4 CH 2 N0 2 + CH 2 N 2 -> 4-BrC 6 H 4 CH=N0 2 CH 3 + N 2 

G 2 H 6 0 2 CCH 2 N0 2 + CH 2 N 2 -> C 2 H 6 0 2 CCH=N0 2 CH 3 + N 2 (124) 

THF 

c 6 h 6 coch=chch 2 no 2 + ch 2 n 2 -.> c 6 h 6 cogh=chch=no 2 ch 3 + N 

( 28 %) 


The deeply red-colored a-arylazonitronic esters may be prepared 
by reaction of diazomethane with aldehyde 1-nitrohydrazones. 
Several of these esters have been prepared by Bamberger and 
coworkers (see Table 1 1) 8,296 ~ 29 ». The orange-red hydrazones are 
readily prepared in high yield by reaction of nitronate salts with 
diazonium salts at 0° (see section IILC.l.b) 293-298 . Some oxime 
formation accompanies formation of these unstable esters 298 (equa¬ 
tion 125). 

c 8 h 6 nhn=cno 2 + ch 2 n 2 — - > 

I EtgO 

Att Several 

Uxlg days 


G 8 H 5 N = ng = n °2 GH 3 + c 8 h 5 n=nc=noh + g 6 h b n=ng=nogh 3 


ch 3 ch 3 gh 3 

65 % 20 % 6 % 


( 125 ) 


A special method of synthesis of nitronic esters derived from 
2,6-di-(-butyl-4-nitrophenol employs a trialkyl phosphite and ethyl 
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acrylate reacting at room temperature without a solvent (equation 
125 a) ma . 

OH 

TT i 

(-C 4 H 9 

+ (RO) 3 P + h 2 c=chco 2 c 2 h 6 



NO, 


o 



o 


+ (R0) 2 PCH 2 CH 2 C0 2 C 2 H 6 (125a) 


O OR 
28-56% 

R = GH 3 , G 2 H 6 , i-G 3 H 7 


A new, special method of ester preparation is said to involve 
addition of iodo- or bromotrinitromethane to olefins in a solvent such 
as dimethyl sulfoxide if99,422 ~ 423a,b , e.g. ethylene and iodotrinitro- 
methane yields 140 (equation 126). 


CH 2 =CH 2 + IC(N0 2 ) 3 -> IGH 2 GH 2 0 2 N=C(N0 2 ) 2 (126) 

( 140 ) 


However, recent evidence has shown that the reaction in dimethyl 
sulfoxide does not lead to simple addition compounds of structure 
140 , but rather to compounds of sulfonium structure 141 423a . The 
structure of 141 was proved by synthesis. Dimethyl sulfoxide was 

ch 3 ch 3 

I + 1 + 

CHg—S—O—N=C(N0 2 ) 2 " gh 3 o—S+ + -O—N=G(N0 2 ) 2 


CH„ O- 
(141) 


GH 3 O- 


methylated with dimethyl sulfate to compound 142 (equation 127). 

room temp. + 

(GH 3 ) 2 SO + (CH 3 ) 2 S0 4 -> GH 3 OS(GH 3 ) 2 ; GH 3 0S0 3 " (127) 

(142) 

Addition of potassium trinitromethane dissolved in dimethoxyethane 
gave 141 (equation 128). 

142 + K+C(N0 2 ) 3 - --> 141 + CH 3 0S0 3 K (128) 

Nitronic esters have not been prepared by reaction of a nitronic 
acid with an alcohol. 
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Finally, a comparison of C- and O-alkylation of nitronate salts 
should be considered at this point 4230 . The extent of G- and O. 
alkylation is known to depend on three principal factors: (a) the 
nature of the leaving group in the alkylating agent, (b) the structure 
of the alkylating agent, and (c) the structure of the nitronate anion. 
Other factors include nature of the cation and solvent, reaction 
temperature, and solubility of reactants and products. 

The alkylation of alkali nitronate salts has been studied 
extensively with substituted benzyl alkylating agents (Table 
12 ) 5 . 3 i 4 , 388 .393,397. 424 - 4283 . 1 ). when O-alkylation is the sole reaction, the 
yield is independent of the nature of the leaving group. However, 
2- and 4-nitro substituted benzyl alkylating agents are notably 
exceptional in their behavior. The extent of C- and O-alkylation of 
lithium or sodium propane-2-nitronate salts by 2-0 2 N- and 4- 
0 2 NC e H 4 CH 2 X does depend on the nature of the leaving group X. 
Here, O-alkylation is favored by the best leaving groups. 

The extent of C- and O-alkylation depends on the structure of the 
alkylating agent. 2- and 4-nitrobenzyl chloride 427 , and 2,4-dinitro- 
benzyl chloride 387 effect principally C-alkylation. However, 3- 
nitrobenzyl chloride and other benzyl halides effect O-alkylation 
only 393 . 

It is to be expected that yields of C- and O-alkylation products 
would depend on the structure of the nitronate anion. For example, 
with 4-nitrobenzyl chloride yields of C-alkylation products are: 
CH 3 CH=N0 2 - (24%) and (CH 2 ) 5 C=NOr (62 %) 397 . 

Evidence for radical anion intermediates has been obtained by 
esr measurements in the C-alkylation with 4-nitrobenzyl chlo- 
ride 314,424,427 . The mechanism in this particular case is considered to 
be an exchange leading to a radical anion ( 143 ) and a nitro radical 
( 144 ), followed by loss of chloride ion and coupling in a chain process 
(equations 129-132 ) 314,427 . 

0 2 NC 6 H 4 CH 2 C1 + (CH 3 ) 2 C=N0 2 ~-> 0 2 NC c H 4 CTT 2 G1- + (GH 3 ) 2 N0 2 - (129) 

(143) (144) 

0 2 NC 6 H 4 CH 2 G1- -> 0 2 NG 6 H 4 CH 2 ' + Cl- (130) 

0 2 NG 6 H 4 GH 2 - + (CH 3 ) 2 C=N0 2 --0 2 NC 6 H 4 CH 2 C(CH 3 ) 2 N0 2 ~ (131) 

O a N C e H 4 CH 2 G (CH 3 ) 2 N o 2 — + o 2 nc„h 4 ch 2 ci-> 

0 2 NG e H 4 CH 2 C(GH 3 ) 2 N0 2 + 0 2 NG,,H 4 GH 2 G1- (132) 

Supporting this mechanism is the finding that addition of 1,4-dinitro¬ 
benzene to this system as an electron scavenger increases the extent 
of O-alkylation from 6 to 88 % 424 . 
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fABLE 12- Effect of substituents and leaving group on the extent of C- and O-alkylation 
of substituted benzyl alkylating agents reacting with sodium and lithium propane-2- 

nitronate salts. 


—MX 

ArCH 2 X + (CH 3 ) 2 G=N0 2 -M+-> 

M = Li, Na 

ArCH 2 C(CH 3 ) 2 N0 2 + ArCHO + (CH 3 ) 2 C=NOH 

- 

C-Alkylation O-Alkylation 

Product Products 


Ar 

X 

%C-Alkylation 

%0-Alkylation® Ref. 

4-O a NC 6 H 4 

+N(CH 3 ) 2 

93 b 

0 

424 



90° 

0 

425 


c a ci 6 co 2 

93 6 

0 

424, 426 


Cl 

92" 

6 

424, 426 



83 c 

1 

5, 388 


OTos 

40 6 

32 

424, 426 


Br 

20 s 

60 

422, 426 


I 

8 6 

86 

424, 426 

2-0 2 NC 6 H 4 

Cl 

46° 

30 

388 


Cl 

31 6 

52 

424 


Br 

l b 

98 

424 

3-0 2 NC 6 H 4 

Cl 

0 b 

82 

424 



_c 

73 

388 


Br 

o b 

80 

424 


I 

o'* 

84 

424 

2,4-(0 2 N) gGgHg 

Cl 

33 c 

— 

387, 388 

c 6 H 5 

Cl 

0 6 

82-84 

424 



0 C 

73 

5 


OTos 

0 b 

82-84 

424 


Br 

o 6 

82-84 

424 



0° 

73 

393 


I 

o'* 

82-84 

424 

4-NCC 6 H 4 

Br 

0° 

70 

5, 393 

4-CH„O 0 CC (! H /1 

Br 

0° 

72 

5, 393 

4-CH 3 COC 6 H 4 

Br 

o c 

77 

5 

4-(CH 3 ) 3 N+I-C 6 H, 

t I 

o c 

68 

5 

4-BrC 6 H 4 

Br 

0 C 

75 

5, 393 

4-CF 3 C 6 H 4 

Br 

0° 

77 

5, 393 

4-CH 3 C 6 H 4 

Br 

0° 

70 

5 

2-CH 3 C e H 4 

Br 

o c 

68-73 

393 


° Determined by yield of aldehyde, ArCHO, or corresponding acid, ArC0 2 H. 
b Lithium propane-2-nitronate in dimethylformamide at 0 . 
c Sodium propane-2-nitronate in ethanol at 25-80 . 
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Other C-alkylations with various alkylating agents are known 
(equations 133—136) a28 *42sa,u.42»—43i_ j n these examples, in contrast 
to the 4~0 2 NC 6 H 4 CH 2 X example, good leaving groups (Br% I 



(CH 3 ) 2 C=N0 2 -Na + 


CH,QH __ 
-NaBr 


(G 6 H 6 ) 2 I+, OTos + R 1 R 2 G=N0 2 - Na+ 


DMF 

- y 

—NaOTos 


,c(ch 3 ) 2 no 2 

"h 

68 % 


(133)429 


C 8 H b I + G 6 H 6 C(R 1 R 2 )N0 2 ( 134)430 

58-69% 

RhR 2 = H, alkyl, cycloalkyl 
NO, 

I 

(GH 3 ) 2 G(X)N0 2 + (GH 3 ) 2 G=N0 2 -, Na+ -_ N — > (CH 3 ) 2 CC(CH 3 ) 2 (135)328 

no 2 

9%, X = Cl 
29%, X = Br 
43%, X = I 


NO, 



'CH„CH,OTos 


NaH, DMF 

-3 

-NaOTos 



40% (vpc) 


(136)431 


OTos % favor C-alkylation. Recently, the reaction of equation 135 
has been shown to proceed by a radical-anion chain mech- 
anism 314,428a . 

The mechanism of silver dinitromethanenitronate alkylation with 
alkyl halides has been studied in acetonitrile at 25° 401.410,4i5.4i6.4i8_ 
Overall third-order kinetics are observed in a mechanism which 
involves dinitromethanenitronate anion 418 (equation 137). With the 
silver salt C-alkylation is limited to primary halides, including allyl 

CH,CN 

CH 3 I + (0 2 N) 2 G=N0 2 Ag --^-> CH 3 C(N0 2 ) 3 + Agl (137) 

51% 

and benzyl halides (28-52% yield) 401,418,432 . 2-Bromopropane and 
other secondary, as well as tertiary halides are believed to undergo 
O-alkylation; the resulting nitronic esters decompose to yield alkyl 
nitrate as the principal anomalous product 418 . 

Silver nitrocyanomethanenitronate gave a 58 % yield of nitronic 
ester by O-alkylation with methyl iodide (equation 138), but could 
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also be C-alkylated with kbutyl and allyl bromides 418 (equation 139). 

0 2 NC=N0 2 Ag + GH 3 I -> 0 2 NC=N0 2 CH 3 + Agl 

. (138) 


GN 

0 2 NC=N0 2 Ag + (GH 3 ) 3 GBr 
GN 


CN 

58% 


-> (0 2 N) 2 GG(GH 3 ) 3 + AgBr 

I (139) 

CN 

17% 


C-Alkylation is observed with silver and mercury phenylmethane- 
nitronate and silver oc-cyanophenylmethanenitronate with diphenyl- 
methyl bromide and trityl chloride 327,387 ’ 411 ' 417,433 (equations 140, 
141). 

NO, 


C e H B CH==N0 2 Hg + (C 6 H 6 ) 3 CCI --> C 6 H 6 CHG(C 6 H B ) 3 + HgCl (140) 

33 ^ 0 % 


G 6 H 5 G=NO a Ag + (C 6 H 6 ) 2 CHBr 


CN 


no 2 


■> 


C 6 H B CCH(C 6 H B ) 2 + C 6 H b C=NOH + (C 6 H 6 ) 2 C=0 (141) 


CN CN 

10-18% 50% 


In these particular reactions O-alkylation predominates with the 
silver salts leading to the nitronic ester decomposition products 
oxime and ketone. 

A generalization for the direction of alkylation of ambident anions 
has been presented by Kornblum 434 . It states that the greater the 
S lV l character of the transition state, the greater the preference for 
bonding to the most electronegative atom in the ambient anion. 
Because of the instability of nitronic esters it is difficult to test this 
generalization using the available data on G- vs O-alkylation of 
nitronates 418,438 . O-Alkylation products (nitronic esters) are thermo¬ 
dynamically less stable than the corresponding C-alkylation prod¬ 
ucts. Also, several routes for ester decomposition are available 
making it difficult to assess the extent of O-alkylation. With one 
exception only those nitronic esters having O-ra-alkyl groups are 
sufficiently stable to be isolable (Table 11); those having all other 
types of groups, including secondary and tertiary Ck alkyl groups, 
decompose. On the other hand, stable C-alkylation products have 
been obtained (usually in low to moderate yields) with a variety of 
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alkylating agents, including those with primary, secondary, and 
tertiary alkyl groups. Thus, in making predictions in thermodynamic 
terms about the extent of C- vs O-alkylation of nitronates, one needs 
knowledge of the thermodynamic stability of the products and their 
potential routes of decomposition—as well as a good material balance 
of reaction products. 

2. Cyclic nitronic acid esters 

Cyclic nitronic esters corresponding to the lactones in the car¬ 
boxylic acid series are known. Only one type has been investigated 
extensively, the 2-isoxazoline N- oxides, 145 (Table 13). The cyclic 
esters, unlike the acyclic, are relatively stable, crystalline solids. 



(145) 

They are good oxidizing agents, the N-oxo group being easily 
removed. 

Available synthetic routes to 2-isoxazoline A-oxides proceed from 
either 3-halo-1-nitroalkanes or 1,3-dinitroalkanes. The methods were 
discovered and developed by Kohler and coworkers 26,138 ’ 441,444 . 
Usually the starting compound is a Michael-addition derived 
product. The O-alkylation cyclization reaction to produce ester 
employs one mole-equivalent of a base such as potassium hydroxide, 
potassium acetate, or diethylamine. For example, benzal malonic 
ester (146) adds phenylnitromethane to produce the Michael adduct 
147. Bromination of 147 leads to the 3-bromo-l-nitroalkane 148, 
which upon refluxing with ethanolic potassium acetate for 1 h 
produces isoxazoline IV-oxide 149 in 90% yield (equation 142). 

3 fl H 5 CHCH(C0 2 C 2 H 5 ) 2 

3 6 H 5 CHN0 2 

(147) 

C c H 5 

(c 2 h 5 o 2 c) 2 

(149) 90% (142) 
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The reaction has been extended to 3-bromo-l,l-dinitroalkanes 
(Table 13 ) 436 . 3-Bromo-l,l-dinitropropan e (150) reacts with potas¬ 
sium acetate in water to precipitate 3-nitro-2-isoxazoline-2-oxide 
(151) 438 (equation 143). 

BrCH 2 CH 2 CH(N0 2 ) 2 

( 150 ) ( 151 ) 

84%; M.p. 96.5° 

Use of a 1,3-dinitropropane for cyclic ester synthesis is illustrated 
with 1 ,3-dinitro- 1 ,2,3-triphenylpropane (152), prepared by Michael 
addition of phenylnitromethane to a-nitrostyrene 441 ' 444a . One 
equivalent of sodium methoxide converts the dinitro compound to 
3,4,5-triphenyl-2-isoxazoline-2-oxide (153) (equation 144). 


KOAc 


H 2 0, 25“ ’ % N 


C 


-NO, 


(143) 


O 


, , NaOCH, 

C 6 H s CH 2 N0 2 + C 8 HgCH=C(N0 2 )C 6 H 6 ► 


C 0 H g CHCH(NO 2 )G 6 H B 

CflH s CHN0 2 

( 152 ) 


NaOCH, 


C«H 
C, 


6 n 5 [ 

( 153 ) 


o' 'wq 


(144) 


The mechanism of the isoxazoline synthesis from 3-bromoalkane- 
1-nitronates is reasonably a bromide displacement by nitronate 
oxygen. The mechanism departing from 1,3-dinitroalkanes has 
been shown not to involve nitroolefin intermediate 154 444a . The 
reaction occurs by intramolecular displacement of nitrite ion from 
the mononitronate anion 155 (equation 145) 444a . 

NOf 

-> 153 (145) 


( 154 ) 


g«h 5 g—GC 6 H 5 C 8 H 5 GHCH(G 6 H 5 )GC 6 H 6 
C 6 H s CH N NO a NOg 


3 o 


o 


( 155 ) 


Cyclic nitronic esters with six-membered rings are available from 
4-keto-l-nitroalkanes. As discussed in section III.C.4, 4-keto-l,l- 
dinitropentane is believed to cyclize in solution, although the 
pseudo ester 127 was not isolated. 

Michael addition of a 1-nitroalkene to cyclohexane-1,3-dione 
anion (156) (sodium methoxide catalyst) leads to the bicyclic 
nitronic ester 160 448 (equation 146). 




Table 13. Synthesis and properties of cyclic nitronic esters (2-isoxazoline IV-oxides). 
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Pi 


O 

£ 

o 

<N 

M 

o 

N 

a 


o 

g, 

X 

Q 

X 

Q 

li! 

a 

W 

a 

L 



ch(no 2 ) 2 



Table 13 —continued 
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3-0 2 NC 6 H 4 , 4-0 2 NC 6 H 4 , 2-HO-naphthyl 440 . 
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(156) 


157 or 158 



(159) 

(160a) R = CH 3 (52%); m.p. 164-166° 
(1606) R = C 6 H 5 (72%); m.p. 165-167° 


Cyclic nitronic esters having four, seven, eight, and larger mem- 
bered rings (homologs of 2-isoxazoline iV-oxides) are unknown. 
Heterocyclic compounds such as isoxazole and oxadiazole iV-oxides, 
etc., may be called cyclic nitronic esters 447,448 . 

Cyclic nitronic esters are not readily prepared by oxidation of the 
corresponding desoxy compounds (2-isoxazolines, for example 66 ) 437 . 


B. Physical Properties of Nitronic Acid Esters 

Melting points of nitronic esters are listed in Tables 11 and 13. 

The ultraviolet spectra of a few nitronic esters have been 
reported 23,401,402,409 ' 449 . None representing the simple aliphatic type, 
(alkyl) 2 C=NO a R are available, but these would be expected to 
have strong ir — tt* bands near 220-230 m/u like the parent nitronic 
acids (see section III.B). Several cc-nitro acyclic and cyclic esters 
(e.g. 161, 162) have been examined in methylene chloride at 5° and 
in water solutions 402,449 . They all have strong absorption of ca. 
315-320 mthe corresponding nitronate anions absorbed at 
wavelengths 25-50 m u higher 402 . The extinction coefficient in the 
spectrum of unstable ethyl nitroformate (161) was obtained by 
extrapolation to zero time. 

r-ir—NOo 

(o 2 n) 2 c=no 2 c 2 h 6 I Jjf 

O" 

(161) (162) 

Amai° l2 315 ( 600 °) A mix 320 ^ ( 8366 ) 
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The spectra of the high-melting, presumably trans isomers of 
nitronic esters 163a and 164 reveal intense absorption near 300 m/t 23 . 
The solutions are unstable; the half-life of 164 in 95% ethanol at 
19° is ca. 7 days 23 . The half-life of 163a in deuteriochloroform at 
room temperature is ca. 2 days 23 . 


[ 4 O 

4-BrG 6 H 4 

\ 

V , 

C=N 

C=N 

/ \ 

/ 

[ OR 

H 

(trans) 

(trans) 


O 


(163a) R = C 2 H 5 ; 

m.p. 100-101° 

240 m ft (9300) 
337 m n (17,600) 
(163b) R = CH-; 

m.p. 118-120° 


/ 


ogh 3 

(164) M.p. 66.5-67.5° 

Jgg? 288 m/i (32,700) 


The ultraviolet spectra of a-keto nitronic esters (165, 96) have 
been reported; that of 165 resembles that of nitrone 166 414 . 



(165) 

& 288 ml u (13,900) 


(96) (166) 

A max H 310 ( 795 °) CaT 280 m -“ ( 17 > 500 ) 

358 m /x (3740) 


The infrared spectra of nitronic esters reveal intense C= N 
absorption in the region 1610-1660 cm' 1 23 178 - 408 . This is within the 
C=N absorption region of nitronic acids (1620-1680 cm -1 ) and 
oximes (1640-1685 cm -1 ); see section III.B.1.(1). 

Examination of the n.m.r. spectra of certain nitronic esters permits 
stereochemical assignments 23,213 . Like oximes, nitronic esters exist 
in two geometric forms. Two forms of ester 168 have been isolated 
by reaction of nitroolefin 167 (presumably trans) with diazo¬ 
methane 213 (equation 147). Both produce the same oxime 169 by 


4-BrC 6 H 4 CO 


H 


4-BrC 6 H 4 


H 


C C 


CH.N, 


\ / 

c=c 


-CHoO 


H CH 2 N0 2 

(167) M.p. 91° 


H 


(168a) 27%; M.p. 114° 
(168b) 35%; M.p. 128° 
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4-BrC 6 H 4 H 

\ / 

(147) 

H CH=NOH 

(169) M.p. 164° 

(one isomer only 
from 168a or 168b) 

heating in toluene 213 and are believed to be isomeric about the C=N 
bond, i.e. cis and trans forms of the nitronic ester. 

The n.m.r. spectra of nitronic esters prepared from primary nitro 
compounds exhibit vinyl hydrogen peaks near 6.0 6 for alkyl R in 
RCH=N0 2 C 2 H 5 , and near 7.0 d (singlet) for aryl R (CDC1 3 
solvent) 23 . A mixture of cis and trans isomers is indicated in crude 
ester samples by noticeable splitting of these peaks. For example, 
one isomer (probably trans ) of methyl 4-nitrophenylmethane- 
nitronate (163b), m.p. 118-120°, has a sharp vinyl singlet at 7.20 <5, 
whereas crude ester, m.p. 100-108°, clearly containing a mixture of 
cis and trans forms, exhibits vinyl singlets at 7.20 and 6.92 <5 23 . 
Similar observations were made with the 4-bromo compound 164. 
Pure samples of the other (probably lower-melting, cis ) isomers of 
163b and 164 were not isolated; these isomers were observed (by 
n.m.r.) to be much less stable than the trans isomers; the half-life of 
cis- 164 is estimated at ca. 40 min in deuteriochloroform at room 
temperature 23 . 


C. Reactions of Nitronic Acid Esters 

Reactions of the rather unstable nitronic esters parallel those of 
nitronic acids. The same products often are formed from both sub¬ 
stances under similar reaction conditions. Hydrolysis under acidic 
conditions can lead to Nef products or hydroxamic acids. Nitronic 
esters are good oxidizing agents, are easily reduced, and participate 
in auto-oxidation-reduction reactions, the most important of these 
being a disproportionation to an oxime and an aldehyde or 
ketone. Diene addition, a reaction not yet observed with nitronic 
acids, leads to 1,2-isoxazolidines with nitronic esters. 

I. Hydrolysis of nitronic esters 

It seems remarkable that hydrolysis of a nitronic ester to produce 
an isolable nitronic acid directly (equation 148) has never been 
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observed. Surprising also is the fact that the reverse reaction, 
synthesis of a nitronic ester from an alcohol and a nitronic acid, has 


R 1 R 2 C=N0 2 R 3 + H a O „-" R 1 R 2 G=N0 2 H + R 3 OH (148) 

not been found. It has been possible, however, to hydrolyze certain 
nitronic esters (those which form stabilized nitronate anions) to 
nitroalkanes and alcohols 384,394,401,409,414,4210 . Either acidic or basic 


catalysts have been employed (equations 149-152). 


HGl 


C 8 H s G 0GH=N0 2 GH 3 + H a O-> C 6 HbC0CH 2 N0 2 +CH 3 0H ( 149)304 

no 2 no 2 

0=/ V=N0 2 G 2 H s + H 2 0 ->• H0^QV-N0 2 + C 2 H fi OH 


r 7 

no 2 

GH, 


NO, 


(150)384 


(GH. 


3'2 



P 


NO 2 G(C 0 H 6 ) 3 


NaOH 

+ h 2 o -► 

4 EtOH 


CH, 


(ch 3 ) 2 



o 


NO» 


+ (C 6 H 5 ) 3 COH 


( 151)414 


NaOH n 

0 2 NC(CN)=N0 2 CH 3 + H 2 0 ->• HC(N0 2 ) 2 CN + cap + NO 2 0 (152) 431 


50” 


Ethyl acetamidomethanenitronate reacts with ammonia or silver 
nitrate to form nitronate salts 403,407 (equations 153, 154). 

h 2 ncoch=no 2 c 2 h 5 + nh 3 ——>- h 2 ncogh=no 2 -nh 4 + + g 2 h 6 oh 

(153) 

H 2 NC0CH=N0 2 C 2 H b + AgNOg--> H 2 NGOCH=NO„Ag + HN0 3 + G 2 H s OH 

(154) 


Acid hydrolysis of nitronic esters under Nef reaction conditions 
produces aldehydes and ketones (Table 14) 222 . With aliphatic 
nitronic esters the products and product yields are virtually the same 
as those obtained from the corresponding nitronic acids (generated 
from nitronate salts) 47,222,229 . For example, either sodium butane-2- 
nitronate or ethyl butane-2-nitronate produces 2-butanone in 
81-82 % yield when treated with4iV r sulfuric acid 222,229 (equation 155). 


c 2 h 6 c=no 2 c 2 h 6 

CH„ 


da. h 2 so 4 
81 % 


dil. H,SO. 

c 2 h 6 coch 3 <- 


82 % 


C 2 H 6 C=NOpNa+ 

CH„ 


(155) 


.. Reactions of nitronic esters with sulfuric acid 
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On the other hand, 4-nitrophenylmethanenitronic acid does not 
undergo the Nef reaction (equation 156). Yet, its ethyl ester yields 
the Nef product, 4-nitrobenzaldehyde (80-82 /) under the same 
conditions 222 (equation 157). A similar observation is made with 
4-bromophenylmethanenitronic acid 222 . 

dil. HUSO, 

0 2 NC 6 H 4 CH=N0 2 -H+ --—V 0 a NC 6 H 4 CH 2 N0 2 93% (156) 

dil. H,SO, 

0 2 NC 6 H 4 GH=N0 2 Et-- —-y 0 2 NG 6 H 4 GH0 80-82% (157) 

These results indicate a mechanism with aromatic nitronic esters 
(and probably with all nitronic esters) which does not involve a 
nitronic acid intermediate and does not involve prior hydrolysis of 
the ester to a nitronic acid. As pointed out by Kornblum 222 , a 
protonated nitronic ester must be involved. Hydration of this species 
170, followed by loss of alcohol, would yield carbonyl compound by 
a mechanism (equations 158-160) like that of the Nef; compare 
section III.C.la. 


R 1 

O 

R 1 

OH 

\ 


\ 

©/ 

C= 

/ 

=N + H+ — 

\ 

—>• C=N 

/ \ 

R 2 

og 2 h 6 

R 2 

oc 2 h. 

( 170 ) 

R 1 

OH 

R 1 

OH 


\ ©/ \ ®/ 

C=N + H,0 -^ C-N 

/ \ /I l\ 

R 2 OC 2 H 6 R 2 OH H oc 2 h 5 

( 170 ) 

R 1 OH R 1 

\ ©/ \ 

G-N ->■ C=0 + C 2 H 6 OH + H+ + HNO 

/I I \ / 

R 2 OH H OC 2 H 5 R 2 


(158) 


(159) 


( 160 ) 


The observation that nitroalkanes are not usually obtained by acid 
hydrolysis of nitronic esters suggests that the rate of acid hydrolysis 
of protonated ester 171 to nitronic acid (equation 161) is usually 
slower than the ‘ester Nef’ reaction (equations 159, 160). The acid- 


R 1 


O 


/* 


C—N 


R' 




+ h 2 o 


©og 2 h 5 


H 


R 1 O 

\ / 

C=N 

/ \ 

R 2 ©OH 

H 


+ C 2 H 6 OH 


(161) 


( 171 ) 
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catalyzed hydrolysis of oc-ketonitronic esters to a-ketonitroalkanes 
(equations 149-151) may be particular and proceed by a mechanism 
involving a protonated carbonyl group; formation of a resonance 
stabilized nitronate anion TR 1 G—G—N—0~~j, also facilitates these 

I I I 

reactions. [_ O R 2 O 

Hydroxamic acids are formed in concentrated sulfuric acid (317V) 
from both aliphatic and aromatic nitronic esters (equation 162); 
yields (higher with aromatics) are comparable to those obtained 
from nitronic acids (via nitronate salts) (Table 14) M *. However, in 

Coned H«SO d 

PrCH=N0 9 Et --- —-y PrGONHOH (42%) 

2 ’ (162) 
Coned H.SO. 

4-0 2 NC 6 H 4 CH—NO a Et - -> 4-0 2 NC 6 H 4 C0NH0H (98%) 

dilute (47V) sulfuric acid solution a difference in behavior is noted 
between nitronic esters and nitronic acids in forming hydroxamic 
acids. In the more dilute acid aliphatic nitronic acids form hydroxa¬ 
mic acids, but aromatic ones do not. The opposite is true of the 
nitronic esters. In 4TV sulfuric acid solution aliphatic nitronic esters 
do not, but aromatic nitronic esters do form hydroxamic acids. 

This difference in behavior between nitronic acids and esters in 
yet another acid-catalyzed reaction suggests, as in the ‘ester Nef’ 
reaction (equations 158-160), a mechanism which does not require 
a nitronic acid intermediate. In a nitrile oxide mechanism (see 
section III.C.l) the protonated ester 170 could lose alcohol, ulti¬ 
mately forming a protonated nitrile oxide 172, which hydrates to 
the hydroxamic acid (equation 163). The formation, in 47V sulfuric 
acid, of more hydroxamic acid from aliphatic nitronic acids than 
R OH 

\ ©/ 

C=N ->- RC=NOH® + C 2 H 5 OH 

H^ \>C 2 H 6 

( 170 ) ( 172 ) 

RGsNOH® + H a O -> H+ + RGONHOH (163) 

( 172 ) 

from aliphatic nitronic esters (which form aldehydes) is readily 

explained by assuming that 170 is more stable (forms nitrile oxide 

© 

more slowly) than the corresponding intermediate, RGH=N(OH) 2 
(173), obtained from the acid. The assumed relatively greater 
stability of 170 over 173 also explains the observed formation of 
hydroxamic acids from aromatic nitronic esters, and the absence of 
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formation of hydroxamic acids from the corresponding aromatic 
nitronic acids (which tautomerize to nitroalkanes) under the same 
conditions in 4 N sulfuric acid. 

A hydroxamic acid 175 has been prepared from a nitronic ester 
(174) in a basic medium; a nitrile oxide intermediate has been postu¬ 
lated for this reaction 414 (equation 164). 


CH, 


(ch 3 ). 



o 


+ (ch 2 ) 6 nh 


no 2 c(c 6 h 5 ) 3 

(174) 


(164) 


O 


„ (ch 3 ) 2 

)O_ 00NH 0H - <C.H,, S CO„ 


CH, 


(175) 


Hydrogen chloride should add to nitronic esters—as it does to 
nitronic acids—to yield chloronitroso compounds or hydroxamic 
acid chlorides (section III.G.la). Methyl dicarbomethoxymethane- 
nitronate (176) produces oxides of nitrogen and a blue color (possibly 
compound 177; not isolated) when treated with aqueous hydrogen 
chloride 894 (equation 165). 

(CH 3 0 2 C) 2 C=N0 2 CH 3 + HG1 -> (CH 3 0 2 C) 2 CN0 + CH 3 OH 

Cl (165) 

(176) (177) 

(not isolated) 


The addition of hydrogen chloride to ethyl carbethoxymethane- 
nitronate leads to the hydroxamic acid chloride 181. Addition 
probably proceeds, as with nitronic acids, through a protonated 
ester 178 and an HC1 adduct 179 which loses ethanol to form a 
chloronitroso compound 180. Rearrangement of 180 would yield 
the hydroxamic acid chloride product, 181 (equation 166). 


EtO„C 


OH 


OH 


C=N 

/ \ 


+ HC1 


H 


(178) 


x ©/ 

G—N 

/I I \ 

' Cl H 

(179) 


EtO„C OH 

\ ©/ 

G—N 

/I l\ 

H Cl H OC 2 H 5 

( 179 ) 


—C.H.OH 


\ 

CNO 

/I 

H Cl 
(180) 


(166) 

x C=NOH 


—H+ 


Cl 

(181) 
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Since electrophilic additions to nitronic acids (section Ill.C.lb) 
appear to involve the nitronate anion in acid solution, no reactions 
of this type are to be expected for nitronic esters. None are found. 
Reactions of ethyl and methyl acetamidomethanenitronate with 
aqueous bromine are reported to produce 1-bromonitronic esters 
[H 2 NC0C(Br)==N0 2 R; R = GH 3 , C 2 H 5 ], solids which decompose 
sloydy at room temperature 403 . The possibility also exists, however, 
that these products are N-bromo derivatives, BrNHG0GH==N0 2 R. 


2. Oxidation and reduction reactions of nitronic acid esters 


Nitronic esters, like nitronic acids, are good oxidizing agents. 
They are easily reduced to oximes. Only a few reducing agents have 
been employed in reactions with nitronic esters. Reaction of nitronic 
esters with added oxidizing agents apparently has not been studied. 

Hydrogen iodide reduces nitronic esters to oximes with formation 
of iodine 394,412 (equation 167). The reaction may involve an addition 


C 6 H 5 C=N0 2 CH 3 + 2 HI 


CN 


> c 6 h 5 c=noh + ch 3 oh + I 2 

GN 


(167) 


of hydrogen iodide, followed by loss of alcohol to yield a transient 
iodonitroso compound; reduction of this product by hydrogen 
iodide would yield the oxime. Unlike the reduction of nitronic acids 
with hydrogen iodide 276 , the reaction rate is quite variable and is not 
cleanly quantitative. Arndt and Rose 394 observed that when esters 
are treated with concentrated hydriodic acid, the number of equiv¬ 
alents of iodine formed, and the rate of reaction, varied with the 
structure of the ester: 4-CH 3 C 6 H 4 S0 2 GH=N0 2 GH 3 reacted 
exothermically to liberate 2-2.5 equivalents of iodine; C 6 H 5 CH= 
N0 2 GH 3 reacted on warming to produce 0.5 equivalent, and 
(GH 3 0 2 G) 2 C=N0 2 CH 3 produced 4.36-4.38 equivalents. No iodine 
was formed when 4-BrC 6 H 4 CH=N0 2 CH 3 was treated with cold 
colorless azeotropic hydroiodic acid 394 . 

Although reduction of a nitronic acid to an amine appears not 
to have been described, nitronic esters have been so reduced. 
Methyl oc-cyanophenylmethanenitronate (182) is hydrogenated 
(platinum, acetic anhydride) completely to phenyl-1,2-diamino- 
ethane, isolated as the bisacetyl derivative 183 411 (equation 168). 


c 6 h 5 c=no 2 ch 3 


H a ,Pt 
> 


C 6 H 6 CHCH 2 NHAc 


GN 

(182) 


Ac„0 


NHAc 

(183) 


(168) 
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Hydrogenation of keto ester 174 led to triphenyl carbinol and a 
mixture of epimeric amino alcohols 184 414 (equation 169). 



+ (C 0 H s ) 3 COH 

(169) 


(174) 


(184) Epimers 86% 


An auto-oxidation-reduction reaction of nitronic esters is one of 
their most important and characteristic properties. It is the dis¬ 
proportionation of the nitronic ester to form an oxime and an alde¬ 
hyde or ketone (Table 15) and is of synthetic utility for preparing 
each of these products. The reaction proceeds by heating in solution 
in various solvents, or, in the absence of solvents (equations 170-172). 
It appears to have been discovered by Nef (1894) 15,404 . Yields, 


EtOH 

c b h k coch=chch=no,ch 3 -> 

86 i 6 Reflux 3-4 h 

C 6 H 5 COCH=CHCH=NOH + CH a O (170)213 
80% 


c 6 h 6 n==nc(ch 3 )=no 2 ch 3 


h 2 o 

-y 

Reflux 3 min 


GgHgN—NC(GH 3 )—NOH + CH a O 
90% 86% 


(171)298 


100 ” 

C 6 H 6 C=N0 2 CH 3 [0h > c 6 h 5 c=noh + ch 2 o 


GN 


GN 

50% 


(172)!97 


although seldom reported, generally appear to be very good. 

The reaction is not limited to the few types of stable nitronic 
esters. It is also observed with esters generated in situ. Alkylations 
of nitronic acids or nitroalkanes with diazomethane, alkyl fluoro- 
borates, or alkyl halides can produce oximes. The synthetic value 
of the reaction applied to simple esters (methyl, ethyl) lies in oxime 
synthesis (e.g. equation 173) 419 ; cf. Table 15 for other examples. 


NO? 



NOH 


CH.N, 


Et 2 0, C c H, 



(173)4 


O 
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Preparation of aldehydes and ketones from nitronic esters generated 
in situ is important synthetically 392 ’ 393 . 409 . 46 o. An alkali or silver 
nitronate reacts with a primary or secondary alkyl halide in a solvent 
such as ethanol, usually at reflux temperature (equations 174-176). 

C 6 H 5 C(CN)=N0 2 Ag + 4-O a NC 6 H 4 CH 2 Br -> 

C 6 H 5 C(CN)=NOH + 4-O a N C 6 H 4 CHO (174)887 
/ 80% 80% 


(CH 3 ) 2 C=N0 2 Na + + 


O 

* (CH 3 ) 2 C=NOH + 

44% 



uoa 

no 2 _ k + 


+ BrCH 2 COGH 3 


NOH 


+ CH 3 COCHO 
97% 


(176)308 

It is possible to examine the scope of this reaction since many 
examples are known (Table 16). The reaction has been developed 
as a synthetic method 392 ' 393,460 . The customary procedure involves 
preparation of a nitronate salt from the nitroalkane and sodium 
ethoxide in ethanol, followed by addition of the halide. A short 
period of heating under reflux (1-3 h) is usually sufficient to com¬ 
plete the reaction. Yields of both carbonyl compound and oxime are 
usually excellent. Side reactions seem to present no difficulties and 
are seldom encountered. The range of structural variations allowed 
in nitro compound and halide is quite large. Primary and secondary 
nitroalkanes seem equally effective. Yields of aldehydes (from primary 
halides) appear to equal those of ketones from secondary halides. 
Aliphatic, alicyclic, and arylalkyl halides and nitronate salts have 
been employed with equal success. The method has been employed 
successfully in the synthesis of 1,2-dicarbonyl compounds from 
a-halo ketones 308,460 . Although alkali metal salts have been em¬ 
ployed in most studies, silver salts are equally effective 16,387,417 . 
What appears to be the first example of the reaction, due to Nef 15 , 
employed silver 1-nitroethanenitronate and ethyl iodide to yield 
acetaldehyde and a-nitroacetaldoxime. 

The mechanism of the disproportionation of nitronic esters to 
carbonyl compounds has been studied 4211 . Generally, the reaction 


Table 15. Decomposition of nitronic esters. 
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:NO,C 2 H» H a O, 50 - 60 ° { WnOH 51-79 . 390 
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Formed, in situ. 

Formed in situ from sodium nitronates and (EtO) 8 BF 4 “\ The O-alkyl oxime products are believed to result from the alkylating agent 


Table 16. Synthesis of aldehydes and ketones from in situ generated nitronic esters. 


Nitronic Acids and Esters 


449 



co 

cr> 

co 


co co 

O') CD 
CO co 
'in « « 


CO CO CO CO CO 00 CO 

COCO „ CO CO CO CO CO 

COCOCOCOCOCOCOOO-JCOC'I 

~ ~ O') * n n * IT) O') n O) 

miocoinminm^coioco 


NOONOhcOiO 


o 

CO 


o 

X 

°^o 

X X 

CJ no 
u h-* 

pq h-( 

4< U 


§ x 

u n 

8 c 

Pm £ 



PQU pqpqpqpqpqpqHHpq 


PQ 


392 


Table 16 —continued 


450 


Arnold T. Nielsen 



Nitronic Acids and Esters 


451 


appears to proceed more rapidly, and in higher yield, in a solvent 
than without a solvent. A slightly basic medium (pH 7-9) favors 
the reaction. A strongly basic medium is avoided to minimize self- 
condensation of the aldehyde or ketone products. Heating a nitronic 
ester with acids leads to a different reaction, formation of an alcohol 
rather than aldehydes or ketones (section IV.C.l). These observa¬ 
tions agree with a mechanism, suggested by Kornblum, involving 
base attack at the a-carbon of the alkyl group 23 (equations 177-179). 

R 1 O R 1 o 

/ \ / 

B: + C=N -C=N +BH+ (177) 

/ \ / \ Q 

R 2 OCHR 3 R 4 R 2 OCR 3 R 4 

R 1 O R 1 

\ / \ „ , 

C=N ->■ G=NO~ + R 3 R 4 G=0 (178) 

/ \ e / 

R 2 OGR 3 R 4 R 2 


Ri 


R 1 




G=NO~ + BH+ 


> C=NOH + B: 

/ 

R 2 


(179) 


However, the rate of decomposition of alkyl 3,5-di-f-butyl-4-oxo- 
2,5-cyclohexadiene nitronates is not base-catalyzed, and a cyclic 
intramolecular decomposition mechanism has been suggested. 4213 . 

Variations of the nitronic ester disproportionation reaction can 
lead to products other than aldehydes, ketones, and oximes. Epoxides 
react with nitronates (lithium ethoxide catalyst) to produce oxime 
ethers (e.g. 185) when an excess of epoxide is employed; the expected 
a-hydroxy aldehydes were not isolated 451 (equation 180). Amides 
have been prepared by reaction of nitroalkanes with amines 450 
(equation 181). 

LiOEt 

C 2 H 5 C(CH 3 )=N0 2 - + GHjGHGHg 
O 

excess 

C 2 H 5 C(CH 3 )=NOCH 2 CHOHCH 3 + CH 3 CHOHCHO (180) 
( 185 ) 39% (not isolated) 

EtOH 

(ch 3 ) 2 chno 2 + C 6 H 5 CH[N(CH 3 ) 2 ] 2 

(CH 3 ) 2 C=NOH + C 6 H 5 CON(CH 3 ) 2 + (CH 3 ) 2 NH (181) 
94% 

Heating methyl 4-toluenesulfonylmethanenitronate produces 4-tolyl 
thiocyanate and carbon dioxide, but no formaldehyde 394 (equation 
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182). Heating methyl dicarbomethoxymethanenitronate with aque¬ 
ous sodium hydroxide produced methanol, carbonate, and fulminate 
(isolated as the silver salt) 394 (equation 183) 

95 “ 

4-CHgC 6 H 4 S0 2 CH=N0 2 CH 3 ->- 4-CH 3 C 6 H 4 SC=N + C0 2 + 2 H a O (182) 

Aq. NaOH 

(CH 3 0 2 C) 2 C=N0 2 CH 3 — Heat > GH 3 OH + 0O 3 = + C=NO- (183) 

The formation of stilbenes from what appear to be in rita-generated 
nitronic esters has been observed 84,411 (equations 184, 185). 

, EtOH 

2 4-BrC 6 H 4 CH=N0 2 -Na+ + CH 3 I 4-BrG 6 H 4 GH=GHG 6 H 4 -4-Br (184) 

CH-OH, NaOH 

2 C 6 H s C=N0 2 -Na+ + (CH^SO, ^ G 6 H 6 G=GG 6 H 5 (185) 

GN CN CN 

Nitronic esters of tertiary alcohols cannot disproportionate to 
form aldehydes or ketones. Such nitronic esters are reported to form 
in situ in hot ethanol solution from potassium fluorene-9-nitronate 
(186) and tertiary bromides (i-butyl bromide, 2-bromo-2-phenyl- 
propane, and triphenylchloromethane) 84,205 . These esters were not 
isolated. The products actually isolated are the same as those derived 
from fluorene-9-nitronic acid (see section III.C.2), namely fluor- 
enone oxime (77) and the 1,2-dinitroethane 76 (equation 186). 
When f-butyl bromide was a reactant, isobutylene was isolated 
as the dibromide. 



( 186 ) 


+ 3 (CH 3 ) 3 CBr 




(CH 3 ) 2 G=GH 2 + H 2 0 + 3 KBr (186) 
50% (as dibromide) 


Keto ester 165 is isomerized by heating at 125° in xylene to form 
oxaziran 187 in the first example of such a conversion into this val¬ 
ence bond isomer of a nitronic ester 414,452 (equation 187). The 
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conjugated carbonyl band of the nitronic ester at 1724 cm -1 is 



CH, 


Xylene 

"7^ (ch 3 ) 2 



o 


o 


NOG(G 0 H 5 ) 3 < 187 > 


rc=o 1724 


( 187 ) 33%; 
M.p. 176-177° 

”c=o 1751 


shifted to 1751 cm -1 by the rearrangement. The extent to which 
oxaziran intermediates are involved in nitronic acid and ester 
chemistry is yet to be determined 453 . The conversion of the related 
nitrones into oxazirans is known; e.g. 188-> 189 21 ' a4 ' 454>455 (equa¬ 
tion 188). 



(188) 


( 188 ) 


( 189 ) 



3. 1,3-DipoIar addition reactions of nitronic acid esters 


Nitronic esters undergo 1,3-dipolar addition to olefins, a 
reaction discovered 466 and developed by Tartakovskii and co- 
workers 398,400 ’ 436 ' 456-458 . The products are stable, often crystalline, 
2-alkoxyisoxazolidines (Table 17). A wide variety of olefins have 
been added to methyl dinitromethanenitronate (190). The reactions 
are conducted under mild conditions—room temperature in methyl¬ 
ene chloride or without solvent. Yields are good to excellent in most 
examples (equations 189, 190; Table 17). 


CH 2 C1 2 

(o 2 n) 2 c=no 2 ch 3 + CH 2 =CH 2 — > 


(o 2 n) 2 —|— 

N 

CH 3 0 O' 


(189) 


( 190 ) 


73%; B.p. 66° (0.33mm) 


20 ° 1 

C 6 H 5 CH=NO<,CH 3 + CHo=CHCN - > m I rN 

4 days N Tv /infix 

CH s O ° (190) 

46%; M.p. 96° 


Table 17. 1,3-Dipolar additions of nitronic acid esters to olefins. 
Synthesis of isoxazolidines 
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The reaction has been extended to cyclic nitronic esters as in the 
preparation of bicyclic 191 436,456, 45851 (equation 191). 


I il NO 2 

I A + GH 2 =CH 2 

O" 



(191) 


(191) 

The scope of the reaction appears large, but has not been com¬ 
pletely defined since relatively few nitronic esters have been em¬ 
ployed. The required nitronic esters, some of which are very unstable : 
(e.g. 190), may be generated conveniently in situ. Thus, the reaction j 
is not limited to the few stable nitronic esters. The reaction has 
failed in certain reported instances. The reaction of methyl phenyl- 
methanenitronate with styrene failed to yield an isoxazolidine 457 . - 
2-Alkoxyisoxazolidine products having a hydrogen in the 3-position 
may eliminate alcohol to form a 2-isoxazoline; for example, in the 
reaction of methyl nitromethanenitronate with styrene the product 
was 192 400 (equation 192). 


o 2 nch=no 2 ch 3 + ch 2 =chc 6 h 6 -► 


o 2 x 

CHgO' 



c 6 h 6 


(not isolated) 


-C H 3 OH^ 


o 2 n 



c 6 h 5 


( 192 ) 34 % 


(192) 


The structure of the adducts derived from unsymmetrical olefins 
has been established in a few instances 398,400,457 . Vinyl compounds 
(CH 2 ==CHR) examined thus far add so that the R group appears 
in the 5-position. Hydrolysis of 193 with dilute sulfuric acid led to 
/i-benzoy] acetic acid, thereby establishing the 3,5-relationship of 
phenyl and carbomethoxy 457 (equation 193). 



20% H,SO, 


CHgO' 


C0 2 CH 3 20’ 


* C 6 H 5 C0CH 2 CH0HC0 2 H (193) 


( 193 ) 


The addition of methyl phenylmethanenitronate (194) to benzald- 
oxime (195) led readily to 3,5-diphenyl- 1, 2,4-oxadiazole (197), 
which is also formed slowly from 194 on standing 467 . Since oximes 
form readily from nitronic esters (equation 194), the formation of 
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oxadiazoles from certain nitronic esters on standing 23 ’ 457 appears 
to be simply an addition of product to reactant. The intermediate 
196 demethanolates and dehydrates to yield the oxadiazole 197 
(equation 195) 

G 6 H 5 GH == n0 2 GH 3 -> G 6 H 5 GH=N0H + CH 2 0 (194) 

( 194 ) ( 195 ) 


C0H5CH—NO2CH3 + g 6 h 5 ch noh 


( 194 ) 


( 159 ) 


g 6 h 5 

ch 3 o" 


-|-NOH 


( 196 ) 


-ch 3 oh^ 

■ -h 2 o 

(195) 


C r H s 


^ 0 ^“ g oH 5 

( 197 ) 


The demethanolation of a 2-methoxyisoxazolidine has been 
shown to be acid-catalyzed 400 , thus offering an explanation for the 
observed facile conversion of nitronic esters into oxadiazoles in hot 
hydrochloric acid 394 (equation 196). An alternate acid-catalyzed 


2 4-BrC 6 H 4 CH=N0 2 CH 3 


15% HC1 


4-BrC 6 II 4 - 


-N 


Reflux 5 min. 


N. 


O' 


-C 6 H 4 Br-4 


(196) 


mechanism could involve formation of a nitrile oxide intermediate 
from the nitronic ester (see section III.C.l.a), followed by addition 
of the oxime 400 . Diene addition of nitrile oxides to olefins has been 
reported 457,459 (equation 197). 

H+ 

ArCH=N0 2 CH 3 -> ArC=NO + CH 3 OH 


ArC=NO + ArCH=NOH 


Ar- 


O 


-NOH 
1 

-Ar 


-H,Q Ar- 


-N 


N^ q J—A r 

(197) 


V. NITRONIC ACID DERIVATIVES OTHER THAN 

ESTERS 

A. Nitronic Acid Salts 

Salts of nitronic acids may be prepared by reaction of bases with 
nitronic acids. However, they are usually most readily prepared 
from nitroalkanes, employing a suitable solvent. Unlike most nitro- 
alkanes, nitronic acids are soluble in sodium bicarbonate solution. 
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Many nitronate salts are shock sensitive explosives, and are particu¬ 
larly hazardous when anhydrous. The alkali metal salts are useful 
for purifying and isolating nitronic acids and nitroalkanes 1 . Prop¬ 
erties of salts of polynitroalkanes have been reviewed 460 . 

Several metal cations have been employed in the preparation of 
nitronate salts. The sodium and potassium salts are the most com¬ 
mon 32 ’ 198 ; these are prepared by treatment of a nitroalkane with 
aqueous sodium or potassium hydroxide, or the ethanolic metal 
ethoxides (equation 198). 

R 1 R 2 GHN0 2 + KOH -> R 1 R 2 C=N0 2 -K+ + H a O (198) 

The usually colorless mononitronate salts often precipitate from cold 
solutions and may be isolated by filtration 339 . Alkali metal salts of 
1,1-dinitroalkanes are yellow and often less soluble than mono- 
nitronates 194 . The potassium salts are less soluble than sodium salts. 

Several heavy metal salts are known, the most common being 
silver, mercury, and copper 1198 ' 229 ’ 481 "' 464 . These insoluble, largely 
covalent compounds may be prepared from the alkali salts by 
metathesis (equation 199) 

R 1 R 2 C=N0 2 ~Na+ + AgNO g -> R 1 R 2 C=NO a AgJ, + NaNO g (199) 

The silver salts are employed for nitronic ester synthesis (Table 11, 
method B, in section IV.A. 1). The silver salt of nitroform exists in 
colorless and yellow modifications suggesting the possibility of 
CAg and OAg forms 147,416 . Insoluble mercury methanenitronate 
decomposes to form mercury fulminate 15,462 (equation 200). 

, HgCI, —2 H,0 

2 CH 2 =N0 2 “Na+ -(CH 2 =N0 2 ) 2 Hg •-Hg(ONs=C) 2 (200) 

The qualitative test for nitronic acids employs aqueous ferric 
chloride. The resulting characteristic red-brown color 1,159 is probably 
that of a ferric salt, (Fe0 2 N==CR 1 R 2 )++; cf. section VI. 

Nitronate salts of weak bases such as ammonia and amines may be 
prepared from nitronic acids 177 . The reaction is conveniently 
conducted in ether solvent in which the salts are insoluble. On 
standing, the ammonium salts of weak nitronic acids liberate am¬ 
monia to regenerate the nitronic acid 32,177 (equation 201). 

R 1 R 2 C=N0 2 H + NH 3 ^ R 1 R 2 C=N0 2 “NH 4 + (201) 

Nitroalkanes react directly with ammonia or amines 366,465 . The 
kinetics of this second-order process has been examined with 
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nitroethane 112 . 2-Nitro-l,3-indanedione readily forms stable salts 
(198) useful for characterization of amines 38 ®. 



o 


( 198 ) 

Nitronate salts are very useful and important reaction inter¬ 
mediates. They are employed in numerous reactions, either in solution 
or in suspension in anhydrous solvents. Typical are aldol-type 
condensation (Henry reaction), Michael addition, acylation, O- 
and C-alkylation, and halogenation (to form a-halonitroalkanes). 
Thermal decomposition of nitronate salts has been studied 422 . 


B. Nitronic Acid Anhydrides 


Simple nitronic anhydrides—acyclic 199 or cyclic 201 —appear 
to be unstable compounds. The cyclic anhydrides 201 are known as 
furazan dioxides. Attempts to prepare them by oxidation of furazan 
oxides ( 200 ) have failed 466-468 . Evidence for a cyclic nitronic acid 


R 1 R 1 

\ / 

C=NON=C 
2 / i \ \ n 2 

R o o 

( 199 ) 


10 


R 


N. 


O 


r 


R 1 


O 


O 




r R 

,N V 


O 


( 200 ) 


( 201 ) 




( 204 ) (202) 


anhydride 203 as a reaction intermediate is found in the facile 
interconversion of 4- and 5-chloro-2-nitronitrosobenzenes (202 and 
204, respectively) (equation 202). Heating pure samples of either 
202 or 204 at low concentration in refluxing tetrachloroethane gave 
a mixture of equal parts of the two isomers, regardless of the direction 
from which equilibrium was approached 466 . 

The known stable nitronic acid anhydrides are mixed anhydrides 
derived from secondary nitronic acids (with one exception) and 
carboxylic acids. These nitronic carboxylic acid anhydrides (Table 
18) appear to be somewhat more stable than most nitronic esters. 




Table 18. Synthesis of nitronic carboxylic acid anhydrides. 
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They may be prepared by acylation of a secondary nitronate salt 
with an acid chloride, or anhydride 275 ' 411469 - 471 . Silver and alkali 
metal salts have been used (equations 203, 204). 


c„h s 


C 6 H s9 =N °2 A S + C 6 H 5 COCl -> C 6 H 5 C=NOCC e tT + AgCl 

I I f II (203) 

CN CN O O 


35% 

M.p. 116° 


EtgO 


(CH 3 ) 2 C=N0 2 Na+ + (CH 3 C0) 2 0 -> (CH 3 ) 2 C=NOCCH 3 + CH 3 C0 2 - Na+ 

o O (204) 

17% 


The nitronate salt does not need to be prepared first. Treatment 
of a secondary nitroalkane with potassium acetate and an acid 
anhydride leads to a low yield of mixed anhydride 470 . Ketene may 
be used as in the preparation of 205, the only known anhydride 
derived from a primary nitronic acid 275 ' 471 (equation 205). This 
compound could not be prepared by reaction of sodium phenyl- 
methanenitronate with acetyl chloride 470 . 


C 8 H 5 CH=N0 2 H + CH 2 =C=0 --> C 6 H 5 CH=NOCCH 3 (205) 

■1 

o o 

(205) M.p. 98“ 


The physical properties of nitronic carboxylic anhydrides have 
not been examined extensively. No spectra appear to have been 
recorded. The compounds which have been prepared (Table 18) 
are relatively stable, distillable liquids or crystalline solids. 

Studies of reactions of nitronic carboxylic anhydrides are few. 
From what is known their reactions appear comparable to those of 
carboxylic anhydrides. However, a simple hydrolytic cleavage 
reaction to carboxylic and nitronic acids (or nitroalkanes) is not 
always found. 

Two reaction patterns are distinguished. Anhydrides derived from 
primary nitronic acids rearrange with great ease to hydroxamic acid 
esters. Those derived from secondary nitronic acids cannot undergo 
this rearrangement, but form other products. 

Reactions of primary nitronic carboxylic anhydrides prepared 
in situ can be observed by examining the reaction of salts of primary 
nitroalkanes with acid chlorides and anhydrides (equation 206). 
Nitronic carboxylic anhydrides have not been isolated from these 
reactions. Hydroxamic acid esters are the principal products 471-475 . 
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The reaction was discovered by Kissel in 1882 472 . Both sodium 
CHoCH=N 0 9 — Na+ + CHoGOCl -> CH„CHNOGGH„ + NaCl 

II II 

o o 

(206) 

C 6 H 6 CH=NO a -Na+ + CH 3 COCl ->- G 8 H B GNHOGG 6 H 5 + NaGl 

O O 

ethanenitronate and sodium phenylmethanenitronate can yield 
dibenzohydroxamic acid with benzoyl chloride 62,472 ^ 476 (equations 
207, 208). 

C 6 H B CH=N0 2 ~Na+ + C 6 H 5 GOGl --> C 6 H 5 CNHOGG s TI 5 + NaGl (207) 


O 


O 


CH 3 CH=NO,-Na+ + G 6 H B GOGl 


Wn i'la T VJgllgG 

CH 3 GNHOCG 6 H 5 + C 6 H b CONHOCC 6 H 5 + NaGl (208) 

o o o 

When primary nitronate salts are treated with an excess of acylat- 
ing agent, trisacylhydroxylamines result 246 . Acylation and trans¬ 
acylation of the hydroxamic ester are involved (equation 209). 

(CH 3 CO) a O 


rch 2 no 2 


CH,CO,-Na+ 


> (CH 3 CO) 2 NOGCH 3 + RC0 2 -Na+ 


(209) 


o 


76-79% (R = CH 3 ) 

75-76% (R = C 2 H 6 ) 

6% (R = H) 

Van Raalte observed that acyl exchange can occur when different 
aryl groups are present in the acid chloride and nitronate salt 62 
(equation 210). 

C 6 H B CH=N0 2 ~Na+ + 4-ClC 6 H 4 COCl 


4-C1C b H,CNHOCC b H 1 -G1-4 (210) 

II II 

o o 

4-ClC 6 H 4 CH—N O a ”Na+ + G 6 H b COG1 

The mechanism of hydroxamic ester formation as suggested 
originally by Nef 473 probably involves initial formation of a nitronic 
carboxylic acid anhydride followed by a tautomeric rearrangement 
(equation 211). An oxaziran intermediate is possibly involved. The 
thermal rearrangement of oxazirans to amides has been studied 476 


R 1 GH=NOCR 2 

i II 

O O 


' H 

I 

R 4 C- 


\ / 

O 


-NOCR 2 


O 


H 

-> RiGNOCR 2 (211) 

II II 

O O 
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and is accelerated (relative to iV-alkyl) by iV-aryl substitution 477 . 
However, the actual conversion of a primary nitronic carboxylic 
anhydride into its isomeric hydroxamic ester has yet to be described. 

Reactions of primary nitronic carboxylic anhydrides, prepared 
W situ , can also be examined by studying the reactions of primary 
nitronic acids, rather than the salts, with acid chlorides and anhy¬ 
drides. Reaction of phenylmethanenitronic acid with acetyl or benzoyl 
chloride (or hydrogen chloride) leads to hydroxamic acid chloride 
58 249,275 (equation 212). In the presence of pyridine one obtains the 
benzoyl derivative 206, which is also obtained from 58 under the 
same conditions 478 (equation 213). 


C 6 H 5 GH = n 0 2 H + RCOCl -> C 6 H 6 C=NOH + RC0 2 H (212) 

Cl 

R = CH a> (58) 


g s h.n 


c 6 h 5 ch=no 2 h + C 6 H 5 COCl-► C 6 H 5 C=NOCOC 6 H b + HgO (213) 


I 

Cl 


(206) 


The mechanism of this reaction may parallel the hydroxamic acid 
chloride forming reactions of nitronic acids (section Ill.C.l.a) and 
esters (section IV.C.l). Addition of hydrogen chloride to protonated 
anhydride 207, followed by loss of water and a proton from adduct 
208 would yield 206; loss of benzoic acid would yield 58 (equation 
214). 


C e H 5 oh 

\ ©/ 

C=N 

\ 

H OCOC 6 H 6 

(207) 


HC1 

-> 



(206) 


(214) 


(208) 


O 




466 


Arnold T. Nielsen 


Reactions of secondary nitronic carboxylic acid anhydrides can 
be examined readily because of the stability of these substances. The 
acyl function remains intact in reaction products. The nitronic acid 
function may be destroyed, however. 

Hydrolysis of anhydride 209 with aqueous sodium hydroxide led 
to benzoic acid and a-cyanophenylnitromethane; reaction with 
phenylhydrazine led to hydrazide 210 (equations 215, 216) 411 . 

O 

t l.NaOH 

C 6 H b C=NOCOC 6 H 5 - 2 H+ > C 6 H 5 GHN0 2 + cyhrayi (215) 

CN CN 

(209) 

C.H.NHNH, 

209 ——- V C 6 H 5 GHN0 2 + C 6 H 5 CONHNHC 6 H b (216) 

GN 

(210) 

Hydrolysis of propane-2-nitronic acetic anhydride (211) by 
boiling water, with or without an acid catalyst, gave equal amounts 
of acetone and acetic acid in quantitative yield; nitrogen appeared 
as nitrous oxide and hydroxylamine (equation 2 1 7) 470 . In sodium 
hydroxide, hydrolysis of 211 occurred to give the same carbon 
products; nitrogen appeared as ammonia, nitrogen, and nitrous 
oxide, but no hydroxylamine was found (equation 2 1 8) 470 . 

(CH„) 2 C=NOCOCH„ —-5—>- (CH 3 ) 2 C=0 + ch,co 2 h + n„o + nh 2 oh 

3/2 | 3 Reflux 15 min ' ' 3 2 2 2 

O 100% 100% (217) 

(211) 

10%H„O, NaOH 

211 -^-> (CH 3 ) 2 G=0 + CH 3 C0 2 -Na+ + N 2 0 + NH 3 + N 2 (218) 

(209) 

Ethanolysis of 211 in the presence of an acid catalyst, but not in 
ethanol alone, occurred to yield acetoxime, ethyl acetate, and a trace 
of acetone (equation 2 1 9) 470 . Aminolysis of 211 with aniline led to 
acetanilide (quantitative yield) as well as acetoxime and ammonia 
(equation 220) 470 . 

H+ 

211 + C 2 H 5 OH ■ - > (CH 3 ) 2 C=NOH + CH 3 C0 2 C 2 H 5 (219) 

27% 100% 

211 + C 6 H 6 NH 2 ->- (CH 3 ) 2 C=NOH + GH 3 CONHC 6 H s + NH 3 (220) 

18% 100% 
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The solvolysis reactions of nitronic carboxylic anhydrides would 
appear to require more than one mechanism. A simple cleavage to 
nitronic and carboxylic acids and derivatives (esters, salts) would 
explain most of the reactions. Alternative mechanisms may be in¬ 
volved, however. For example, acid-catalyzed hydrolysis ofpropane- 
2-nitronic anhydride (211) (equation 217) to yield acetone and 
nitrous oxide could be the result of Nef hydrolysis of the resulting 
propane-2-nitronic acid. However, as in the acid-catalyzed hydrolysis 
of nitronic esters to Nef products, the failure to isolate any nitro- 
alkane (equation 217) as a product suggests an alternate mechanism. 
Like the ‘ester-Nef’ (section IV.C.l), an ‘anhydride-Nef’ is possible 
(equations 221, 222). 

R 1 OH 

\ e/ 

C=N + H a O 

R 2 0,CR 3 

R 1 

> C-O + R 3 C0 2 H + HNO + H+ (222) 
R? 


R 1 


OH 


C-N 

/I IX 

R 2 OH H O a CR 3 


R 1 


G— 

/I 

R 2 OH 


®/ 

-N 

l\ 

H 


OH 


( 221 ) 


o 2 cr 3 


The formation of acetoxime and ethyl acetate from anhydride 211 
by acid-catalyzed ethanolysis (equation 219) could be a result of 
nitronic ester formation ( 212 ), followed by disproportionation to the 
oxime (equations 223, 224), 


(CH 3 ) 2 G=NOGOGH 3 + c 2 h 5 oh 
o 


-* (CH 3 ) 2 C=NOC 2 H 5 + ch 3 co 2 c 2 h 5 

I (223) 

o 


( 211 ) 


212 


( 212 ) 

(CH 3 ) 2 C=NOH + GH 3 GHO 


(224) 


The base-catalyzed cleavage of anhydride 209 to a-cyanophenyl- 
nitromethane and benzoic acid (equation 215) appears as a simple 
cleavage to nitronate anion followed by tautomerization to the nitro 
compound. On the other hand, the base-catalyzed cleavage of 
anhydride 211 (equation 218) to acetone and ammonia, and the 
aminolysis of 211 (equation 220) to yield acetoxime and ammonia 
appear not to be nitronate anion reactions. 

O-Alkyl oximes (e.g. 214) were observed on attempted acetylation 
of potassium 1-nitromethanenitronate (213) and 1-nitroethane- 
nitronate with acetyl chloride or acetyl nitrate (52% yield of 214) 469 
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(equation 225). Some 214 (12%) was also formed in the reaction of 

2 CH 3 C=N0 2 -K+ + CHgCOCl -> 

NO a 

(213) 

GH 3 G=N0G(N0 2 ) a CH 3 + CH 3 C0 2 -K+ + KC1 (225) 

no 2 

(214) 31% 

213 + C 6 H 5 GOGl -> 214 + CH 3 C=NOCOC 6 H 5 (226) 

no 2 

(215) 

213 with benzoyl chloride in which the benzoyl oxime 215 was 
produced 469 (equation 226). Formation of 214 suggests C-alkylation 
of an anhydride intermediate 216 by anion 217 (equation 227). 
Compound 214 has also been prepared from 217 and 1,1-dinitro- 
ethane 47811 . 

o 

t e 

GH 3 G=N0GR + CH 3 C(N0 2 ) 2 ->214 (227) 

no 2 o 

(216) (217) 

C. Nitroni c Acid Halides 

There are two published accounts purporting to describe nitronic 
acid chlorides 32,479 . In both instances the unstable oils obtained are 
very poorly characterized substances. Hantzsch and Veit 32 treated 
phenylmethanenitronic acid with phosphorous pentachloride. The 
product was said to be acid chloride 218 (equation 228), 

O 

pci 5 / 

C e H 5 CH=N0 2 H --> C 6 H 6 CH=N (228) 

Cl 

(218) 

an exceptionally unstable oil. A more vigorous reaction occurred 
with 4-nitrophenylmethanenitronic acid to yield 4-nitrophenyl- 

nitromethane 32 . 

Reaction of nitroalkanes with picryl or A-(oxydichlorophos- 
phino)pyridinium chloride at 80-120° produces low-boiling oils 
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(distilled from the reaction mixture and condensed in cold traps) 
and said to be nitronic acid chlorides 219 479 . The compounds have 
the following colors; a, colorless; b and c, faint greenish blue; d, 

R 1 O 

\ / 

G=N 

/ \ 

R 2 Cl 

( 210 ) 

(a) R X ,R 2 = H,H; b.p. 2-3°; m.p. -43° 

( b ) H,GH a ; b.p. 5° 

(e) H,Et; b.p. 5° 

(d) GH a ,CH 3 ; b.p. 15° 

intense blue. With aqueous or ethanolic ferric chloride no colors are 
developed with the compounds. The blue colors suggest the presence 
of nitroso compounds 220. 2-Chloro-2-nitropropane is known as a 
blue liquid b.p. 70° (760 mm) 480 . However, chloronitrosoalkanes 
R 1 R 2 CNO RC=NOH 


Cl 

( 220 ) 


Cl 


( 221 ) 


of the type RCH(Cl)NO are known only in solution and readily 
isomerize to colorless a-chlorohydroxamic acids 221 274a . It appears 
that the substances assigned structure 219 have not been adequately 
characterized, and an authentic nitronic acid chloride is yet to be 
described. 


D. Nitronic Acid Amides 

Nitronic acid amides are not well known. No substance having 
the hydrazone oxide structure 222 has been described. Nitronic acid 
amides of primary amides 223 would be azoxy tautomers 224. 

R 1 R 2 C=NNR 3 R 4 

i 

O 


( 222 ) 


R 1 R 2 C=NNHR 3 

i 

o 


r 1 r 2 ghn=nr 3 

I 

o 


(223) (224) 

A cyclic nitronic acid amide (‘lactam’) would be a pyrazole oxide 
225 or pyrazoline oxide 226. Examples of the former are the indazole 
oxides; e.g. 227 481-484 (equation 229). 
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,—CNHG e H, 


I 

NO, 



NCfiHtj 


(227) 


(229) 


A nitronic acid imide would be a 2-H- 1,2,3-triazole- 1,3-dioxide 
(228) ; none has been described. However, 1-oxides such as 229 have 
been prepared 485-487 . 


R- 


O 




I 


~r R 


o 


R 

(228) 



N. 

(229) 


Nitronic acid amides could exist as reaction intermediates. Ami- 
nolysis of nitronic carboxylic anhydrides might involve a nitronic 
acid amide intermediate (equation 220). 

Finally, nitrones (e.g. 231) may be considered the ‘ketones’ of the 
nitronic acid series. They have not been prepared directly from 
nitronic acids, but are available from oxazirans (230 -> 231) 24 ' 454 ' 477 
(equation 230), 

Heat 

G 6 H 5 CH-NC(CH 3 ) 3 -> C 6 H 6 CH=NC(CH 3 ) 3 (230) 

O O 

(230) (231) 100% 


VI. ANALYTICAL METHODS FOR NITRONIC ACIDS 

Several methods are available for qualitative detection and quantita¬ 
tive determination of nitronic acids. Since tautomerization to the 
nitroalkane form often occurs readily in solution, the analytical 
method selected must consider this fact. The following tests do not 
apply to nitroalkanes. Some tests for nitronic acids are also applicable 
to nitronate anions. 

The ferric chloride test used for enolic substances may be applied 
to nitronic acids. A red color usually develops when aqueous or 
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alcoholic solutions of nitronic acids are treated with dilute ferric 
chloride solution 1 - 13 . Green 85 or brown 33 colors are also observed. 
This test, sometimes called the Konowalow reaction after its dis¬ 
coverer 13 , was employed by the early workers in nitronic acid 
Colors with ferric chloride 



NO a H 

Red Deep brown Dark green 


chemistry 1,13 - 169 . The color is probably due to a Fe m nitronate salt, 
Fe(0 2 N==CR 1 R 2 )++, similar to the colored Fe m phenolate salts, 
Fe(OAr)++ 488 . The test has been the basis for a quantitative colori¬ 
metric method 489 . 

Bromine titration of nitronic acids occurs rapidly and is the basis 
of the Kurt Meyer analysis 36 (equation 231). Bromine or ferric 
chloride may be used as an indicator. Iodine monochloride has been 

R 1 R 2 C=NO a H + Br 2 -> R 1 R 2 CN0 2 + HBr (231) 

Br 


employed for quantitative analysis of nitronic acids 209 (equation 232). 
The unreacted iodine monochloride, which is employed in excess, 
is allowed to react with A,lV,lV',JV’'-tetramethyl-/>-phenylenediamine 
to produce the intensely blue Wiirster radical cation 232, which 
may be assayed spectrophotometrically (equation 233). 

R 1 R 2 C=N0 2 H + I Cl -> R 1 R 2 CN0 2 + HC1 (232) 

1 


IC1 + 2(CH 3 ) 2 N-<Q^N(CH3) 2 
2 (CH 3 ) 2 N 


n(ch 3 ) 2 + r + cr (233) 


(232) Blue 


The oxidizing property of nitronic acids is the basis of an excellent 
quantitative method 276 . A mixture of potassium nitronate salt and 
potassium iodide is acidified. The hydrogen iodide reaets with the 
liberated nitronic acid to produce iodine and an oxime (equation 
234). The iodine is then titrated with sodium thiosulfate employing 
starch indicator. 


r 1 r 2 C=NQ 2 H + HI 


> R 1 R 2 C=NOH + I 2 


(234) 
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Polarography has frequently been employed as a convenient 
method of quantitative analysis of nitronic acid-nitroalkane 
mixtures 38,44,47 ' 110 ' 321,490 . The nitronic acid form, as well as the 
nitronate anion, are not reduced polarographically at the dropping 
mercury electrode at the same voltage as nitroalkanes. 

The greater acidity of nitronic acids (pff a 3-6) over the parent 
nitroalkanes (pif a 8-10) [Ap/C, = ca. 3-6 (Figure 5)] is a property 



-2 - 9 CHj(CH 2 ) 5 CH(CH 3 )N0 2 

10 0 2 N(CH 2 ) 6 N0 2 
-3 - 11 CH 3 N0 2 


-4L 

0 


4 5 

Nitro 


PK n 


6 

Aci 


PKn 


J_I-1 

8 9 10 



Figure 5. Plot of pK^ ci and vs. — pK^ ci . Data for nitronic acids 

and nitroalkanes in water at 25° in Table 5. 


frequently employed for analysis. The nitronic acids are usually 
soluble in sodium bicarbonate solution 1 ; most nitroalkanes are not 
(see p K & values in Table 5, section II.D). Sodium hydroxide solution 
is not suitable for nitronic acid titration since nitroalkanes also 
react. 1,1-Dinitroalkanes and their nitronic acids are of nearly equal 
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acid strength (pX a 5-6); cf. Figure 5. Because of their relatively 
greater acidity, nitronic acids are better conductors in solution than 
rutroalkanes. The conductometric method has frequently been 
employed for quantitative analysis of those nitronic acids which have 
conductivities significantly greater than the corresponding nitro- 
alkanes 28 ^ 31 ' 112 . 

A most convenient analytical method, useful for rapid determi¬ 
nation—as in kinetic studies—takes advantage of the strong char¬ 
acteristic nitronic acid tt — n* ultraviolet absorption band in the 
ultraviolet region near 240 m/i 52 - 63 . Nitroalkanes do not absorb 
significantly in this region. Rapid reactions, such as aa'-nitro tau- 
tomerization, may easily be followed by this spectrophotometric 
method 62 . 
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I. INTRODUCTION 


The three well known types of electrophilic, nucleophilic and 
radical aromatic substitution reflect a classification based on the 
nature of the attacking species (equations 1-3), 


ArH + 


electrophilic X© 
--->. 

nucleophilic Y :0 

—;-> 

radical Z* 

-> 


ArX + H© 
ArY + H: e 
ArZ + H- 


( 1 ) 

( 2 ) 

(3) 


In electrophilic substitution (equation 1) an electron-deficient 
species X®, actually or potentially present in the reagent, displaces 
hydrogen as a proton. Two 7r-electrons from the aromatic substrate 
are localized for G—X bond-making, and the temporarily disrupted 
aromatic Tr-electron sextet is restored by heterolytic G—H bond¬ 
breaking (equation 4), 
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In nucleophilic substitution (equation 2) an electron-donating 
species Y 1 - supplies the electrons for a new C—Y bond. Again the 
aromatic sextet is temporarily sacrificed and subsequently restored 
by elimination of a hydride ion from the anionic intermediate 
(equation 5). 



In these heterolytic processes the two electrons for the new u-bond 
are supplied either by the substrate or by the reagent. 

In radical substitutions the process is homolytic (equation 3); 
substrate and reagent each contribute one electron to the new bond 
and formally a hydrogen atom is displaced (equation 6). 



Despite a formal similarity between the heterolytic processes 
(equations 1 and 2) nucleophilic displacement of hydrogen is rarely 
observed and occurs only when the intermediary anion is stabilized 
by electron-withdrawing substituents at suitable positions in the 
substrate. The strongly electron-attracting nitro group is eminently 
suited to favor such stabilization. For instance nitrobenzene gives 
considerable quantities of o-nitrophenol when heated with powdered, 
super-dry potassium hydroxide, whereas unsubstituted benzene 
under similar conditions does not yield a trace of phenol. 

Direct introduction of a hydroxyl group in an aromatic nucleus is 
effected under less drastic conditions by nucleophilic displacement 
of halogen (or other groups with greater anionic stability than 
hydrogen) especially when nitro groups are present in ortho- and 
jfrara-positions (equation 7), 



(7) 


This activating effect of nitro groups in nucleophilic displacements is 
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Table 1. Reviews on various aspects of nucleophilic aromatic substitution. 


Reviews by: 

Number of ref. 

Date 

Ref. 

J. F. Bunnett and R. Zahler 

621 

1951 

1 

J. Miller 

37 

1951 

2 

G. K. Ingold 

57 

1953 

3 

G. S. Hammond and M. F. Hawthorne 

25 

1956 

4 

J. F. Bunnett 

38 

1958 

5 

J. F. Bunnett 

91 

1958 

6 

J. Sauer and R. Huisgen 

174 

1960 

7 

B. Capon and G. W. Rees 

12 

1962 

8 

R. F. Hudson 

89 

1962 

9 

J. F. Bunnett 

141 

1963 

10 

B. Capon and G. W. Rees 

19 

1963 

11 

S. D. Ross 

102 

1963 

12 

B. Capon and G. W. Rees 

40 

1964 

13 

G. Illuminati 

144 

1964 

14 

H. Zollinger 

22 

1964 

15 

R. G. Sheperd and J. L. Fredrick 

813 

1965 

16 

R. Foster and G. A. Fyfe 

130 

1966 

17 


in sharp contrast with the deactivating influence on electrophilic 
displacement of hydrogen. Variation of nucleophilic agent, leaving 
groups and activating substituents in the nitroaromatic substrate 
leads to a profusion of combinations. 

By far the most important class of reactions is formed by the 
halogen displacements and these are therefore separately discussed 
in section II. Much attention has been paid to the mechanism of 
halogen displacement (section III). 

In many reviews on nucleophilic aromatic substitution usually 
three mechanisms are considered (equations 8-10). 


(a) Addition-elimination mechanism: 
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(c) 1 -mechanism: 



It will turn out that in nitroaromatic systems the addition- 
elimination mechanism operates almost exclusively. This involves a 
more or less stable intermediate complex, as already advocated in 
the earliest and most extensive review by Bunnett and Zahler 1 and 
by Miller 2 . In a way these have sparked research on many theoretical 
and practical aspects of nucleophilic aromatic substitution, so much 
so that several reviews have appeared to record the rapid progress 
(Table 1). In Table 2 the authors are assembled who have been 
most active in the field. 


Table 2. Significant publications in the field of nucleophilic substitution in aromatic 

nitro compounds. 


Series of papers by: 

Field of interest 

Ref. 

C. W. L. Bevan and coworkers 

Mechanism, kinetics 

18-31 

H. Zollinger 

Mechanism, kinetics 

15, 32, 

G. F. Bemasconi and coworkers 

Mechanism, kinetics 

33-40 

J. A. Brieux and coworkers 

Mechanism, kinetics 

41-51, 379-381 

J. F. Bunnett and coworkers 

Mechanism, kinetics 

1, 5, 6, 10, 52-78 

N. B. Chapman and coworkers 

Mechanism, kinetics, 
heterocyclic 

79-90 

F. Pietra and coworkers 

Mechanism, kinetics 

91-96 

A. J. Parker and coworkers 

Mechanism, kinetics 

97-101 

S. D. Ross and coworkers 

Mechanism, kinetics 

12, 102-111 

H. Suhr 

Mechanism, kinetics 

112-118 

J. Miller and coworkers 

Mechanism, kinetics, 

2, 287 


theory 

119-161 

J. Mur to and coworkers 

Mechanism, kinetics, 
theory 

162-181 

M. Simonetta 

Theory, mechanism, 
kinetics 

182-193 

V. Gold and coworkers 

Complexes, mechanism, 
kinetics 

194-210 

R. Foster and coworkers 

Complexes 

17, 211-228 

S. S. Gitis and coworkers 

General, Yanovski reaction, 
transetherification 

229-256 

L. M. Litvinenko and coworkers 

General 

257-264 

E. Havinga and coworkers 

Photochemistry 

265-276 
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Unlike most reviews the present chapter deals exclusively with 
aromatic nitro compounds with an emphasis on principles, mecha¬ 
nisms, and recent advances in practice and theory of the topic 
dating from the last fifteen years (up till mid-1967). 

II. DISPLACEMENT OF HALOGEN IN NUCLEOPHILIC 
SUBSTITUTION REACTIONS OF AROMATIC 
NITRO COMPOUNDS 

I. The activating influence of the nitro group in halogen 

displacement 

When an electron attracting nitro group is linked to an aromatic 
system it gives rise to centers of low electron density located at 
certain ring carbon atoms, which are therefore preferentially attacked 
by nucleophilic reagents. In activating power the nitro group is only 
surpassed by such strongly electronegative groups as CF 3 S0 2 , N 2 ® 
and NO. There is no general agreement about the relative activating 
power of these and other groups 26 126,139,140,142,146,147 ' 242 ' 277 mostly 
because of substrate dependence. 

The nitro group is an ortho-para activating substituent, the ortho- 
effect being stronger 278,279 than the para-effect. This order can be 
reversed, e.g. by steric factors. In the review of Bunnett and Zahler 1 
the activating power of the nitro group at various positions in the 
ring is discussed extensively. In Table 3 some typical examples are 
collected. 

Displacements of halogens from nitroaromatic molecules are in 
general smooth reactions with good yields ( > 80 %). 

From a comparison of activation parameters it follows that the 
nitro group affects mainly the activation energy, while there is no 
direct influence on the activation entropy. Activation energies for 
the methoxydechlorination (replacement of chlorine by methoxyl) 
of chloronitrobenzenes were calculated by Miller 163 (cf. Table 4 and 
section III.4). 

In studies of the activating effects of the ortho -nitro group for reac¬ 
tions with amines the effect of so called built-in solvation (cf. section 

II. 2) has to be taken into account. This lowers the activation energy 
as is illustrated by comparison of the last two examples in Table 3, 
and furthermore in Table 5, where it can be seen that introduction 
of an ortho -nitro group is 10 to 100 times more effective for reaction 
with piperidine than for reaction with methoxide. This is also found 
in the nitronaphthalene series 188,187,282 . In the naphthalene series 



Table 3. Relative activating power of o-, m- and j5-nitro groups in aromatic nucleophilic substitution. Rate ratios, £p ara = 1 (cf. reference 1). 

Position of the NO a -group(s) 
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Table 4. Energies of activation for the methoxydechlorination 
of chloronitrobenzenes 163 . 


Substrate 

A E kcal/mole 
calculated 

Observed value 

2,4,6-trim trochlorobenzene 

13.5 


2,4-dinitrochlorobenzene 

19.0 

17.4 

/>-nitrochlorobenzene 

24.0 

24.1 

chlorobenzene 

50-55 



Table 5. Relative rates for reactions of 2,4-dinitro- and 4-nitrohalobenzenes 
with ethoxide and piperidine. 



*2,4-<N0 2 ) 2 



*4-N0 2 


Reagent 

Ghlor obenzen e 

Bromobenzene 

Ref. 

MeO~ in MeOH or 

EtO~ in EtOH at 60° 
piperidine in benzene at 25° 

2.6 x 10 4 

0.96 x 10 6 

0.80 X 10 4 

0.45 x 10 6 

18, 186 

41, 119 
121,283 


introduction of a nitro group in the ‘second’ ring, e.g. the 5-position, 
has a relatively small activating effect 182 188,189 . 

In the abundance of work where the nitro group only functions 
as an activating substituent it must not be forgotten that the nitro 
group itself is also easily displaced when present in appropriately 
substituted aromatics (cf, IV.2). 


2. Ort/ioeffects 

It has been known for a long time that there is a considerable 
difference in the reactivity of o-nitro- and /)-nitrohalobenzenes to¬ 
wards various nucleophiles. This is partly shown in Tables 3 and 5, 
and more systematically in Table 6. It is remarkable that for reactions 
with anionic reagents the para isomer is nearly always more reactive 
than the ortho isomer, whereas for reactions with primary or secondary 
amines it is just the other way round. The exceptions to this rule 
pertain to a few reactions of anions with o//>nitrofluorobcnzcncs. In 
the activation of ortho- and j&ara-positions the — M effect of the nitro 
group generally plays an important role 278 . To exert its mesomeric 
effect fully the nitro group must be coplanar with the aromatic 
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Table 6. Relative reaction rates of o- and /j-nitrohalobcnzencs and a few sulphonates 

with various nucleophiles. 


X 

Reagent 

Solvent 

Temp. 

°G 

^ortho 

u 

ft para 

Ref. 

F 

MeO“ 

MeOH 

0 

1.05 

128, 132 




50 

0.685 





100 

0.500 




dioxan 

25 

0.54 

286 



MeOH 

49.5 

0.675 

22 


EtO - 

EtOH 

61 

1.34 

18, 20 



dioxan 

25 

1.13 

286 

Cl 

MeO~ 

MeOH 

85 

0.268 

1 




50 

0.354 

123 




81.6 

0.290 

119, 287 




100.8 

0.274 

119, 287 




50 

0.297 

125, 126 




0 

0.334 

128, 132 




50 

0.298 

128, 132 




100 

0.274 

128, 132 



dioxan 

25 

0.300 

286 


EtO~ 

dioxan 

25 

0.407 

286 


PhS“ 

60% dioxan-H a O 

25.3 

0.156 

58, 61 


-CH(COOEt) a 

DMF 

100 

0.82 

288 

Br 

MeO~ 

MeOH 

0 

0.191 

128, 132 




50 

0.247 





100 

0.299 


I 

MeO- 

MeOH 

0 

0.175 

128, 132 




50 

0.272 





100 

0.374 


F 

piperidine 

EtOH 

70 

4.37 

85 




80 

4.95 





90 

5.11 



morpholine 

EtOH 

70 

5.53 

85 




80 

6.00 





90 

6.08 


Cl 

piperidine 

benzene 

60 

55.1 

46 




75 

59.3 





100 

61.6 




MeOH 

60 

2.19 

46 




75 

2.11 





100 

2.46 




EtOH 

60 

2.23 

46 




75 

2.35 





100 

2.63 




1% dioxan 

102 

1.35 

58 



75% Me0H-H„0 

102 

1.75 

58 



93% EtOH-H a O 

102 

2.34 

58, 59 


1 
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Table 6. ( continued ) 


X 

Reagent 

Solvent 

Temp. 

G° 

^ortho 

^para 

Ref. 



99.8% EtOH 

102 

2.98 

58, 85 



benzene 

102 

46.8 

41, 58 



xylene 

116 

80 

58, 284 



EtOH 

70 

2.60 

85 




80 

2.65 





90 

2.76 




benzene 

75 

49.8 

41,43,44 




100 

46.3 




benzene 

100 

166 

47 



EtOH 

100 

2.5 

47 



benzyl alcohol 

120 

5.6 

110 


1,4-diazabicyclo- 

benzyl alcohol 

150 

0.004 

110 


[2,2,2]octane 





Br 

piperidine 

EtOH 

70 

3.57 

85 




80 

3.80 





90 

4.02 




benzene 

45 

39.2 

41 




75 

41.5 



morpholine 

EtOH 

70 

3.78 

85 




80 

3.98 





90 

4.00 



-0S0 2 C fl H 4 -/i-GH 3 | 






piperidine \ 

60% dioxan-H 2 0 

46 

2.66 

75 


-0S0 2 G 6 H 2 -2,4-6-(GH 3 ) 3 | 






piperidine l 

60% dioxan-H 2 0 

46 

2.30 

75 


nucleus. This is easily realized in />-nitrohalobenzenes but less 
readily in the isomeric o-nitro compounds, particularly when the 
halogen atom is bulky. This explains why most ortho -nitro compounds 
are less reactive than their para-isomers, and it explains also the 
‘exceptional’ behavior of o-nitrofluorobenzene where the steric 
effect is smallest 18,20 ’ 22 . The field effect of the fractional negative 
charge on the nitro group might also hinder the approach of a 
negatively charged nucleophilic species 00,284,286 but the importance 
of this latter effect has been questioned 60 . 

The disturbing question remains why anionic nucleophiles should 
respond to the orthoeffect so markedly different from primary and 
secondary amines. This can be understood by accounting for a 
strong charge separation in the intermediate state when a nitro- 
halobenzene reacts with an amine (for arguments supporting the 
nature of the intermediate state, see III, 1-4). In the ortho -isomers 
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the importance of ZKframolecular hydrogen-bonding between the 

juj_H and the ortho- nitro group 30,79,81,285 in the intermediate 

complex has been stressed (cf. also section III, 1-4) (equation 11). 



In accordance with this theory, Ross and coworkers 110,111 have 
found that tertiary amines with no possibility for intramolecular 
hydrogen bonding react with c//;»nitrohalobenzcncs (cf. Table 6) 
analogous to anionic nucleophiles, i.e. with an ojp rate ratio larger 
than unity. Furthermore, kinetic studies have produced evidence in 
favor of hydrogen bonding effects 50 (cf. also reference 284). 

Bunnett and coworkers 5,60 introduced the concept of ‘built-in 
solvation’, being the electrostatic interaction between the positive 
charge on the iV-atom and the negative charge on the nitro group 
thus accounting for the specific effects. At our present state of 
knowledge it seems more appropriate to define built-in solvation 
as all of the intramolecular interactions which lead to a stabilization 
of the intermediate complex. It is not clear which effect predominates, 
the intramolecular hydrogen bonding or the built-in solvation ac¬ 
cording to Bunnett. 

Because of these built-in solvation effects the intermediate complex 
(cf. section III.4) is more stabilized for the ortho- isomer than for the 
para-isomer, which explains the higher reaction rate for the former, 
resulting in a high ortho/para ratio (cf. Table 6). Because of the 
large charge separation in the intermediate complex reaction rates 
should depend very much on the solvent polarity. The reactivity 
of the para- isomer is considerably lowered in nonpolar solvents and 
this explains the large ortho-para ratio in these solvents (cf. Table 6). 
It can also be seen from Table 6 that the orthojpara ratio increases 
at higher temperatures, presumably because intermolecular solva- 
don is then less effective. The substitution of the ortho-isomer is much 
less sensitive for (external) solvent effects because of the built-in 
solvation. 

In most studies no attention is paid to catalytic effects on the 
orthojpara rate ratio. When the second step of the reaction, i.e. 
expulsion of halide ion, appears in the rate equation, this probably 
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occurs to a different extent for the ortho and para isomers, as indicated ] 
by a study of Sbarbati and coworkers 47 (cf. section III.2). 

This type of ortho effect is not confined to the nitro group only. A 
similar effect is found for the carboxylate group 123 123,120 , where the ! 
concept of built-in solvation for reaction with amines can also be 
used 59 , be it hydrogen bonding or electrostatic interaction. The 
carboxylate group is activating in all cases except when situated at 
the ortho position with respeet to halogen in the reaction with 
methoxide ion (cf. Table 7). Here the difficult approach of the anion 


Table 7. The effect of built-in solvation for the 
carboxylate group as shown by comparison of the 
rate of chlorine displacement from nitrochloro- 
benzoic acids and nitrochlorobenzene. 


Reaction 


^COO-/^H 



piperidine 3.48 

MeO- 7.5 


piperidine 33.0 
MeO' 0.35 


towards the negatively charged —COO - is probably the main 
cause of deactivation. 

The ortAoeffect is also important in reactions of the 2,4-dihalo- 
nitrobenzenes where the ortho -halogen is replaced much more rapidly 
than the jfwra-halogen (cf. reference 58 and references therein). The 
selectivity was demonstrated by Greizerstein and Brieux 46 who 
found that in reaction of piperidine with 2,4-dichloronitrobenzene- 
4- 36 Cl ortAo-displacement occurred nearly exclusively in benzene 
while in methanol as the solvent the ortAo-^ara-displacement ratio 
was 12.5:1 (cf. also reference 289). 

Brieux and coworkers 49 compared the kinetics of the reactions of 
4-, 5- and 6-substituted l-chloro-2-nitrobenzenes with sodium 
thiophenoxide in methanol. The polar influence of a substituent in 
ortAo-position to chlorine predominates over its steric effect. 
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3. Displacement by amines 


By far the most extensively applied nucleophiles in halogen dis¬ 
placement are the amines. Substitution products are easily obtained 
in yields of 80-90 % simply by reaction in a suitable solvent (often 
benzene or alcohol) at temperatures between 0-100°. Reaction is 
usually complete within a few hours, and with strongly activated 
compounds such as picric chloride even within a few minutes. For 
instance the well known carbonyl reagent 2,4-dinitrophen- 
ylhydrazine is prepared by refluxing the corresponding chloride 
w ith an aqueous alcoholic solution of hydrazine for one hour 290 
(equation 12). 



+ n 2 h 4 



+ HG1 (12) 


85% 

Sanger’s standard determination of jV-terminal amino acids in 
proteins with 2,4-dinitrofluorobenzene is another practical applica¬ 
tion of nucleophilic substitution 291 (equation 13). 



H 

+ H 2 N—C—C —prot. 
R O 


NaHCO, 
in H 2 0/EtOH 


NO, 


0„N 



H 


N—C—C—prot. + HF 

H I || (13) 

R O 


Hydrolysis gives an JV'-(2,4-dinitrophenyl)amino acid, easily char¬ 
acterized by paper- or thin-layer chromatography. 

Most other examples in Table 8 involve rate studies, covering the 
last 15 years. Further substitutions by amines are given in Table 28, 
where the accent is on comparative displacement rates of the 
various halogens and their theoretical interpretations (cf. section 
III.8, and references 113, 116-118). 


Table 8. Nucleophilic displacement of halogen from nitrohalobenzenes. 
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2-Br NH 3 , piperidine MeOH 

Et 2 NH, z'-Pr a NH, morpholine, NH 3 , piperidine MeOH, i-BuOH 
MeNH„, EtNH„, MeJNFH, NH, H.O 
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4. Displacement by hydroxide 

Although hydroxides are generally somewhat less reactive than 
amines in halogen displacement (cf. section III.8), they react under 
relatively mild conditions especially with halobenzenes containing 
two or three nitro groups in ojp -positions (Table 9). 


Table 9. Nucleophilic displacement of halogen from nitrohalobenzenes 
by Oil or water. 



X 

Position 

NO, 

Other 

substituents 

Reagent 

Solvent 

Ref. 

F 

4 

— 

OH- 

50% dioxan 

73 



— 

NaOH—H a O 

DMSO 

168 



2-Me 

OH- 

50 % dioxan 

73 



2-Br 

OH- 

50% dioxan 

73 

F 

2,4 

— 

OH- 

h 2 o 

173, 176 



— 

OH- 

50 % dioxan 

73 



— 

NaOH—H 2 0 

DMSO 

168 



— 

h 2 o 

DMSO 

168 



— 

NaOH/ROH 

ROH—H 2 0 

166, 167 



— 

NaOH/ROH 

ROH—H 2 0 

167 

F 

2,4,6 

— 

h 2 o 

h 2 o 

174, 175 



— 

NaOH—ROH 

H 2 0—ROH 

174 



— 

NaOH 

h 2 o 

174, 175 



— 

H 2 0—ROH 


174 

Cl 

2 

— 

KOH 

EtOH—H 2 0 

184 



4-Br 

OH” 

60 % dioxan-H 2 0 

55 

Cl 

4 


OH- 

dioxan-H 2 0 

298 

Cl 

2,4 

— 

OH-/RO- 

ROH—H 2 0 

304 



— 

OH- 

h 2 o 

162, 173 



— 

OH- 

ROH and H 2 0—ROH 

162 



— 

OH- 

60 % dioxan-H 2 0 

55 



— 

NaOH 

10% dioxan-HgO 

78 

Cl 

2,6 

4-C0 2 - 

OH- 

H 2 o 

129 




h 2 o 

h 2 o 

299 

Cl 

2,4,6 

— 

NaOH 

H 2 0 (trace EtOH) 

312 



— 

OH- 

acetone 

313 



— 

NaOH 

h 2 o 

175, 314 



— 

h 2 o 

h 2 o 

175, 299 



— 

nh 4 oh 

acetone 

315, 316 



— 

NaOH 

acetone 

316 

Br 

2,4 


OH- 

H 2 0 and ROH 

162 


R = alkyl 




Table 10. Nucleophilic displacement of halogen from nitrohalobenzenes by alkoxides and certain phenoxides. 
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EtOH EtOH 299 

PhO - 60% dioxan-H 2 0 55, 71 

PhO - MeOH 55, 121, 137 

phenol, subst, phenols, i-BuOH DMSO 169 


naphthol, PhCH 2 OH, 

(GH 2 OH) 2 subst. phenols aq. dioxan 

MeOH-DMSO 
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70, 121, 128, 145, 151 
159, 160 
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In alcoholic solvents complications may arise through the equilib¬ 
rium shown in equation 14. 

OH“ + ROH "-" H 2 0 + ROQ (14) 

Because the alkoxy anion is a much stronger nucleophile than the 
hydroxyl ion, even small concentrations can lead to appreciable 
amounts of nitroaromatic ethers, beside the normal phenolic prod¬ 
ucts. With sufficiently aqueous alcoholic solutions this danger can 
be suppressed. Highly reactive halides, such as picric chloride are 
already hydrolyzed by water. 

5. Displacement by alkoxy- and phenoxy-anions 

Alkoxy anions are in general very reactive and have been used 
widely in kinetic and mechanistic investigations (Table 10, cf. also 

III). 

When dissolved in alcohol even such weak bases as amines may give 
a sufficient concentration of alkoxy anions, to effect some ether 
formation 119 (equation 15). 

© 

RNH 2 + ROH ^ RNH 3 + RO- (15) 

The apparent rate constant for displacement by phenoxide anion 
depends on the phenoxide ion concentration 71 . This has been 
explained by the partial consumption of phenoxide in the equilibria 
shown in equations 16-18. 

PhO- + H 2 0 : v . ^ PhOH + OH“ (16) 

and 

PhO- + MeOH > PhOH + MeO' (17) 

or 

PhO- + PhOH — - ^ (PhO—H—OPh)“ (18) 

Equilibrium (18) was suggested because it was found recently 317 
that for o-methylphenoxide there was no dependence of the rate 
constant on the ion concentration. 

6. Halogen exchange 

Exchange of chlorine by fluoride in dipolar aprotic solvents like 
dimethyl sulfoxide or dimethylformamide is a reaction of preparative 
value for the synthesis of aromatic nitrofluoro compounds 326 . [In 
Table 11a collection of these types of reactions is presented.] 

In several instances halogen exchange in halonitroaromatics is 
accompanied by disturbing side reactions 27,101,150,327 . 
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Table 11. Nucleophilic displacement of halogen from nitrohalobenzenes by halogens. 
It = H, unless stated otherwise. 



no 2 

'I 

3H + x 

no 2 

-e 

□>-x' + X s 


\ 

Positions of 
X NO a group 

Substituent on 
aromatic ring 

Reagent 

Solvent 

Ref. 

F 

2,4 


Br- 


153 




Nal 

acetone 

27 




KI 

acetone 

327 



6-Me 

KI 

acetone 

327 

Cl 

2 


KF 

DMF, DMSO 

326 



4-R« 

KF 

DMF 

326 



3,5-Cl 2 

KF 

DMF 

326 



5,6-Cl 2 

KF 

DMF 

326 



5-C1 

KF 

DMF 

326 

Cl 

4 


KF 

DMSO 

326 



2-CF 3 

KF 

DMF 

326 



2,5-CI 2 

KF 

DMF 

326 

Cl 

2,4 


KF 

DMSO 

169 




KF 

several, aprotic 

326 




Nal; KI 

acetone; DMF 

27, 327, 






328 



6-R 

KI 

acetone 

327 

Cl 

2,4,6 


LiCl, Nal, LiI 

acetone 

27 

Br 

2,4 


KI; Lil 

MeOH, acetone 

150, 153, 






331 



6-R 

KI 

acetone 

331 

Br 

2,6 


KI 

acetone 

332 



4-R 

KI 

acetone 

332 

I 

2 


131 j— 

acetonitrile 

280 

I 

3 


131 j— 

acetonitrile 

280 

I 

4 


131 j— 

acetonitrile 

280 

I 

2,4 


Br“ 

MeOH, acetone 

150, 153 

I 

2,4 


131 I~ 

DMF 

328 


0 R = alkyl 


In dry acetone solution picryl chloride reacts with iodides giving 
trinitrobenzene, molecular iodine and mesityloxide 27 . It is thought 
that exchange does take place, but that the picryl iodide is reduced 
to the picryl anion which picks up a proton from acetone. The 
resulting carbanion reacts further with the acetone to give 
mesityloxide. In the presence of chloride instead of iodide anions 
this condensation does not take place. Sodium iodide does not react 
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with 2,4-dinitrochlorobenzene, but with 2,4-dinitrofluorobenzene 
it forms iodine and a number of unidentified products 27 . 

The exchange of iodine in nitroiodobenzenes with radioactive 
iodide 131 I in acetonitrile can be effected at temperatures from 170— 
238° 280 . A recent survey of these and similar 329,330 halogen exchanges 
is given by Kendall and Miller 328 . 


Table 12. Nucleophilic displacement of halogen from nitrohalobenzenes by sulfides. 


no 2 

4- RS- 


> 


no 2 

+ X- 



Position of 

Substituent on 




X 

NO a group 

aromatic ring 

Reagent 

Solvent 

Ref. 

F 

4 

— 

MeS- 

MeOH 

153, 156, 
160 



— 

PhS 

MeOH 

23, 70, 73, 
160 



__ 

PhCH 2 S“ 

several 

303 



2-Me 

PhS- 

MeOH 

73 



2-Br 

PhS~ 

MeOH 

73 

F 

2,4 


MeS- 

MeOH 

133, 156, 
160 




PhS- 

MeOH 

70, 73, 
159, 160 

Cl 

2 


MeS~ 

MeOH 

155 




PhS~ 

dioxan-H a O 

61 



4-R° 

MeS“ 

MeOH 

155 



4-R 

PhS~ 

dioxan~H 2 0 

55, 61 



5-R 

PhS - 

MeOH 

49 



4-R® 

PhS- 

MeOH 

49 



6-R 

PhS- 

MeOH 

49 

Cl 

4 


PhS~ 

dioxan-H a O 

61 





MeOH 

70 

Cl 

2,4 


MeS~ 

MeOH 

155, 159 




PhS~ 

MeOH 

70 





60 % aq. dioxan 

55 





ROTH and ROIF I1 2 0 

304, 322 

Br 

2,4 


PhS- 

MeOH 

70 

I 

4 


MeS - 

MeOH 

153, 156 




PhS- 

MeOH 

100, 160 





DMF 

100 

I 

2,4 


PhS- 

MeOH 

70, 159, 
160 




MeS- 

MeOH 

153, 156, 
159, 160 
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7, Displacement by mercaptides 

Though mercaptide and thiophenolate anions are weak bases, 
they are very strong nucleophiles and accordingly effective in halogen 
displacement. 

The nucleophilic properties and reactions are discussed in 
Section III. 

Table 12 gives an account of recent literature on these reactions. 


8. Displacement by azides and thiocyanate anions 

These anionic reagents have nucleophilic reactivity, but are in 
general of minor importance 333,334 . A number of investigations has 
been carried out for studies on kinetics and mechanism (cf. Section 
III). The relevant reactions are collected in Table 13. 


Table 13. Displacement of halogen from nitrohalobenzenes by azide 
and thiocyanate anions. 

o 2 no 2 

+ n 3 ® N 3 (SCN) + x e 


X 

Position 

of N0 2 

group 

Substituent 
on aromatic 
ring 

Reagent 

Solvent 

Ref. 

F 

4 

— 

NaN 3 , NEt 4 N 3 

several 

150 




n 3 - 

MeOH 

153, 160 




n 3 - 

DMF 

149, 151 

F 

2,4 


n»“ 

MeOH 

159, 160 




SCN^ 


153 

I 

2 


n 8 - 

MeOH 

145 



4-R a 

N,-; SCN~ 

MeOH 

145 

I 

4 


n 3 ' 

MeOH, DMF, DMSO 

150, 153, 






160 

I 

2,4 


N 3 — ; SCNt 

MeOH 

145, 160 


° R = alkyl 


9. Displacement by carbanions 

Garbanions derived from compounds with ‘active hydrogen’ like 
malonic esters react as nucleophiles and displace halogen in halo- 
nitrobenzenes. The use of polar aprotic solvents such as DMF or 
DMSO is recommended for better yields 288 . In protic solvents the 
reaction is much less clean because of side reactions. 


516 


Th. J. de Boer and I. P. Dirkx 


Grob and Weissbach 335 used successfully f-butanol as a solvent 
for reactions with o-chloronitrobenzene, which gave in solvents such 
as ether, ethanol, etc. very poor yields. 

Formation of a Meisenheimer-type intermediate complex was 
studied by IR and UV-spectroscopy for the reaction of 2,4-dinitro- 
fluorobenzene with diethyl malonate anion giving stable intermedi¬ 
ates in DMF and DMSO 336,337 . Other reactions are collected in 
Table 14. 


Table 14. Nucleophilic displacement of halogen from nitrohalobenzenes by carbanions. 


no 2 

+ GR.jR.2R3 


> 


no 2 

^^^CRjRaRa 


+ 


X" 



Position 

Substituent 





of N0 2 

on aromatic 




X 

group 

ring 

Reagent 

Solvent 

Ref. 

F 

2,4 


CNCH 2 COOEt + NEt 3 


336, 337 




CH 2 (COOEt) 2 + NEt 3 


336, 337 

Cl 

2 


CH 2 GNCOOEt 

t-BuOH 

335 




CH 2 (COOEt) 2 

t-BuOH 

335 




© 

GH(GOOEt) (COMe) 

© 

DMF 

288 




CH(COOEt) 2 

© 

DMF 

288 



4-R“ 

CH(GOOEt) 2 

© 

DMF 

288 



6-C1 

GH(GOOEt) 2 

DMF 

288 




© 

^BuOH 

335 

Cl 

4 


CH(GOOEt) 2 

© 

aprotic solv. 

288 



2-C1 

GH(GOOEt) 2 

DMF 

288 


2,4,6 


NEtg-acetone 


226 


a R = alkyl 


10. Displacement by sulfite, carboxylate, thiosulfones, etc. 

The sulfite ion is a nucleophilic reagent with a nucleophilic 
power comparable to alkoxides 29 . 

The products formed in these reactions are sulphonates. The 
attacking species is thought to be trigonal S0 3 2 ~. A high polariz¬ 
ability seems to be important in determining the nucleophilic 
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power 69 , (equation 19), 



Table 15 gives a collection of reactions with sulfites and carboxylates. 

Table 15. Displacement of halogen from nitrohalobenzenes by 
sulfite, carboxylate, thiosulfone, etc. 



X 

Position of 
N0 2 group 

Reagent 

Solvent 

Ref. 

F 

2,4 

so 3 = 

60% aq. EtOH 

29 

Cl 

2,4 

so 3 = 

60% aq. EtOH 

29 



C 6 H 5 COOK 

aq. dioxan 

346 



/>-MeOC 6 H 4 COOK 

aq. dioxan 

346 



/>-no 2 c 6 h 4 gook 

aq. dioxan 

346 

Br 

2,4 

so 3 = 

aq. EtOH 

29 

I 

2,4 

so 3 “ 

aq. EtOH 

29 


The use of diaryl-disulfides and their oxidation products with 
an SSO a group as reagents for nucleophilic displacement of halogen 
from activated aromatic systems has been studied extensively by 
Leandri and coworkers 838 ^ 345 . In this way nitro substituted diaryl 
sulfones can be obtained (equation 20). 



+ ArS0 2 SAr 



[Ar'SCl]. 

( 20 ) 


The course of the reaction shows that hexavalent sulfur acts as the 
nucleophilic center. 


II. Reaction of nitrohalobenzenes with miscellaneous reagents. 


Fluorine can be replaced by a mercapto group in 2,4-dinitro- 
fluorobenzene by using 347 the following reagents: 


SR" 

I 

R'O—P=0 

1 

OR 


SR" 

I 

R'—P=0 

I 

OR 
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Other reagents used are hydrazine 71 (cf, section II.3) molten tetra- 
alkylammonium salts 848,349 and oximes 350 . 

III. KINETICS AND MECHANISM 

I. Bond-making and bond-breaking as synchronous or 
non-synchronous processes 

There has been some controversy as to what types of mechanism are 
operating in nucleophilic aromatic substitution 4 ' 79 ' 81 ' 82,87,99,174,175 : 

A. One stage: 



TS 


and/or 
B. Two stage: 



TS X 





Both cases are visualized in the energy profiles of figures 1 and 2. 

In the one-stage process (Figure 1) G—X bond-breaking occurs 
synchronous with C—Y bond-formation and in the transition state 
(TS) both X and Y carry a fractional negative charge while weakly 
linked to the aromatic nucleus. 

In the two-stage process (Figure 2) the G—X bond is hardly or 
not weakened; in reaching the first transition state (TS X ) energy is 
consumed in altering the 7r-electron distribution in the aromatic 
ring and in changing the geometry at the carbon atom being attacked. 
A new ff-bond C—Y develops and a discrete cyclohexadienate anion 
results as an intermediate. The ‘aromatic’ 7r-electron sextet is re¬ 
stored by expulsion of either X e or Y e , yielding the products or the 
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Figure 1. Course of a one-step nucleophilic displacement involving one transition 

state (TS). 


9-80 



Reoction coordinate 


Figure 2. Course of a two-step nucleophilic displacement involving two transition 
states (TSj and TS :J ) and an intermediate cr-complex (Meisenheimer complex). 
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Energy 



Figure 3. Relationships between energy and reaction coordinate for various types of 
aromatic nucleophilic substitution a.o. two-step processes (a and b ) and one-step processes 
(c and/). Reactions a, b and c follow simple bimolecular kinetics; in reactions d, e and/ 
the kinetics is more complicated by the rate-limiting second step. 


starting materials. This two-step mechanism is generally accepted 
in textbooks although there is no rigid proof for its general ap¬ 
plicability 79,81,82,87,100,177,190,294,351 . More realistically in most 
cases the true mechanism is somewhere between the extremes 
of the ‘pure’ one-stage and the ‘pure’ two-stage process (cf. also 
section III.4) 98,174,175,294,323,346 . 

In Figure 3 a variety of such ‘hybrid mechanism’ is illustrated 
in diagrams which represent from left to right a gradual change 
from two-stage to one-stage character. As will be shown in the next 
sections many reactions e.g. most halogen displacements in halonitro- 
aromatics follow a substitution pattern in which bond-making is a 
rate determining factor (Figure 3). 


2. Kinetics of two-step displacement 

The two-stage mechanism holds for many nucleophilic displace¬ 
ments and is supported by extensive kinetic (and other) investiga¬ 
tions especially by Bunnett 67,72 , Miller 153,156,159,160 and many 
others (cf. Tables 1 and 2). There is ample evidence for the occur¬ 
rence of (usually intensely colored) intermediate complexes. The 
mechanism of formation and decomposition of these (Meisenheimer) 
complexes and the relative importance of charge transfer complexes 
is still a subject of much dispute 127,128,178_180,197,220,386,337,362_387 . The 
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work of Gold and coworkers 184-210 , Foster and coworkers 211-228 , 
Ainscough and Caldin 352-354 , and Abe 368-374 is of particular impor¬ 
tance. Only recently NMR-studies 172 - 204 “ 210,224,303,375- 378 have con¬ 
tributed to the elucidation of the structure of several complexes. 

In this section we confine ourselves to some of the main conclusions 
derived from kinetic studies mostly, in order to understand why 
certain nucleophilic substitutions are promoted by catalysts and 
others are not. 

With an intermediate of discrete life time the catalyzed and 
uncatalyzed reactions, e.g. with amines can be formulated as in 


equation 21. 

H 

®nr 2 

** S 1/ 


*3 

V A „TVTt> 1 TTV 

ArX + HNR 2 


uncatalysed 

AriN Kg -f- HX 

^ \ 

V 

^2 

-> ArNR 2 -fBH© + X© 



base-catalyst B 



Depending on the relative magnitude of the various ^-values, 
various types of kinetics can be distinguished. 

When the final steps are relatively fast (k 2 + F,(B) » the 
rate is expressed as v — A: 1 (ArX)(HNR a ), i.e. it has the same kinetic 
form as a common aliphatic S_ v 2 reaction. This will correspond with 
energy profiles 3b and c (in section III. 1). It applies generally to 
reactions with good leaving groups such as chlorine and bromine. 
Such reactions are insensitive to base catalysis because the frequency 
of reversion of the intermediate complex to reactants is low. Once 
the complex is formed, the leaving group X is rapidly split off and 
the overall-rate of displacement is exclusively determined by the 
rate of complex formation. Thus it is easy to understand that 
reactions of amines with 2,4-dinitrochloro- or bromobenzenes are 
insensitive to base catalysis. 

On the other hand reversion becomes important 78 (A_ x relatively 
large) when the leaving group is relatively slow to separate from 
carbon (e.g. methoxy or phenoxy) and/or when the nucleophile 
(e.g. an amine) is easily expelled from the complex (diagrams 3d 
and 3e). The rate expression then becomes more complicated. 
When the concentration of the intermediate complex remains small 
during the reaction, steady state treatment is often applied and 
leads to an observed rate constant 

kjt g + k x ki{B) 

^ k_ i + k 2 + k 3 (B ) 


( 22 ) 


Table 16. Base catalysis on the displacement reactions of substituted nitrobenzenes with amines ( k"jk' is a measure for base catalysis). 
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pyridone k": 0 96 

piperidine benzene 25 cat. by MeOH ■—42 34, 35 

cat. by DABCO c ~64 34, 35 



cat. by pyr. a -—4 34, 35 

cat. by pip. 6 curved in 

presence of MeOH 35 

cat. by DMSO ~50 35 

no cat. by dioxan 35 
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With k_ t » k 2 + kJB) this simplifies to 

k = A ^+ k -^(B) =k' +k\B) (23) 

Table 16 gives a survey of halogen displacements by amines, follow¬ 
ing this rate expression involving linear dependence of k A on amine 
(B) concentration. The ratio k"fk' is a measure of the catalytic 
activity, i.e. the relative magnitude of the accelerated and un¬ 
accelerated parts of the reaction at 1 mole base concentrations. 
In the intermediate case of a moderately good leaving group, 
k_ 1 > k., + k s (B) will only hold for low base concentrations. 
Linear dependence of k A on base concentration is then confined to a 
low base concentration region. At higher base concentrations the 
observed reaction constant k A approaches asymptotically the value 
k x i.e. the ultimate overall-rate is only governed by the rate of com¬ 
plex formation (as for good leaving groups in uncatalyzed reactions). 
A typical example of this so called ‘curvelinear’ dependence is given 



[oh~]m 

Figure 4. Reaction of 2,4-dinitrophenyl ether with piperidine catalyzed by NaOH 78 . 


in Figure 4 for the reaction of 2,4-dinitrophenyl ether with piperi¬ 
dine. Various mechanisms for base catalysis have been suggested: 

(i) Bunnett 72,76-78 , and Bernasconi and Zollinger 34-36 ascribe 
the action of a base B to proton removal from the intermediate 
ammonium complex followed by general acid catalysis by BH® to 
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remove X, the latter step being relatively slow 382 (equation 24), 



In some instances 51 ’ 92 383 a hydrogen isotope effect has been found 
indicating that N—H fission is an (unusual but not impossible) 
rate-determining factor (cf. section III.3). 

(ii) For catalysis by a secondary amine (piperidine) a six-center 
transition state has been postulated 11 (cf. also reference 96) (equa¬ 
tion 25). 


r 2 

A 



(iii) For a tertiary amine this has been modified to a four-center 
intermediate l 13,30,79 (cf. also reference 175) 



For the neutral hydrolysis of fluoro compounds intramolecular 
hydrogen bonding is probably more important than for chloro 
compounds 175 . Similar cyclic transition states have been suggested 
in other cases 30,79 . Inspection of Table 16 shows that catalytic effects 
are more pronounced in nonpolar than in polar solvents 34 ^ 40 ’ 115 ’ 116 . 
Mechanistic conclusions based on small catalytic effects ( k"jk' < 10) 
must be considered with caution since these can equally well be 


530 Th. J. de Boer and I. P. Dirkx 

attributed to medium effects 34 - 35 ' 68,72,75-77,105,107 (cf. also section 

III.3). 

In several recent studies attention is directed to the details of the 
second step 47,51,92,158,383 . 

3. Isotope effects 

Generally the relative importance of bond-breaking and bond¬ 
making can be inferred 15 from isotope effects and this approach has 
contributed much to the understanding of electrophilic aromatic 
substitution. Unfortunately exact measurement of a hydrogen isotope 
effect in nucleophilic aromatic substitution is not possible because 
anionic hydrogen displacement is accompanied by side reactions 
which prevent accurate rate measurements. Although halogen 
displacement can be measured with much greater accuracy, isotope 
effects for halogens are too small to be measured (cf. reference 386). 


Table 17. Isotope effects in nucleophilic aromatic substitution reactions. 


Reaction 

Isotope effect 

Ref. 

l-F-2,4-dinitrobenzene + 
j5-anisidine in benzene 

k n/ k D : 

1.7 

15, 32 

/i-anisidine in pyridine 

k H/ k D : 

— 

15 

piperidine in benzene 

k H/ k D '■ 

— 

91 

2-Cl-nitrobenzene + 

piperidine in toluene 

k H/ k D ; 

— 

284 

piperidine in benzene 

k >H : 

1.27 

50 

4-C 1-nitrobenzene -j- 

piperidine in toluene 

k u/ k D : 

— 

284 

piperidine in benzene 

k n/ k H : 

1.12 

50 

1-G1-2,4-dinitrobenzene + 

n-butylamine in CHClg 

k H/ k D : 

— 

108 

jfr-anisidine 

k rt/ k D > 

<1 

15, 32, 

1 -Gl-2-nitro-4-trifluoromethylbenzene + 

k >H : 

0.50 

36 

56 

piperidine in benzene 

k u/ k D : 

1.2 

51 

l-G 6 H 6 0-2,4-dinitrobenzene + 

piperidine in benzene 

k n/ k D • 

1.27 

92 

piperidine in 10% dioxan-H a O 

k H/ k D : 

1.46 

78 

piperidine in 60% dioxan-H a O 

k u/ k D : 

>1 

383 

piperidine in 60% dioxan-H a O; [OH - ] = 0.005 

k 16 0/k 18 0: 

1.0109 

383 

[OH - ] = 0.033 


1.0070 

383 

l-GgHKSOo^^-dinitrobenzene -1- 

piperidine in benzene 

k 32 S/k 34 S : 

1.013 

385 

2-Cl-5-nitropyridine + D a O 

k H/ k D : 

2.36 

387 
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A primary isotope effect of 0.5-1 % has been reported for the 
reaction of piperidine with 2,4-dinitrophenylsulphone with 32 S 
and 34 S 15,38B , indicating that C—S rupture is a rate determining 
factor. 

By far the most isotopic studies have been carried out with deuter- 
a ted amines. The reactions listed in Table 17 with no detectable 
isotope effect are characteristic for processes in which only the first 
step is rate determining (cf. section III.2). For a number of amine 
reactions however, a hydrogen isotope effect is observed and this 
means that N—H rupture occurs in the rate limiting step (cf. 
section III.2). 

Interestingly Brieux et al. 5a have noticed an isotope effect for the 
reaction of /i-nitrochlorobenzene with piperidine (only at suffi¬ 
ciently high concentration) whereas the effect is absent at all amine 
concentrations for o-nitrochlorobenzene. This is explained by an 
intramolecular hydrogen bond between N—H and the nitro group, 
which makes the ortho-compound relatively insensitive for base 
catalysis. Similar conclusions have been reached by Ross 108,110 and 
others 51 ' 87,92,383 . These results support the mechanistic conclusions 
based on non-tracer kinetic experiments (section III.2). 

In this connection also the work of Bunnett and coworkers 67 ' 27 on 
the ‘element effect’ should be mentioned, which is formally equiv¬ 
alent to an isotope effect 386 . As can be seen from Table 27 (section 
III.7) the rate of reaction for the displacements 4 to 9 is almost 
independent on the nature of X, implying that the aryl-X bond is 
only broken after the rate-limiting step. 


4. The nature of intermediate complexes and transition states 

Besides kinetics and isotope effects further support for the occur¬ 
rence of an intermediate complex in nucleophilic aromatic substitu¬ 
tion is derived from the observation of strong coloration developing 
rapidly upon admixture of most nitroaromatic substrates and a 
nucleophile. Such colors are characteristic for charge transfer and 
Meisenheimer complexes 17 - 375-381 . 

Not all nucleophilic displacements proceed with color change. 
For instance it is absent in the reaction of iodide ion with 2,4- 
dinitrohalobenzenes 327 ' 831 ' 332 ' 351 and this has been cited as an indica¬ 
tion that no Meisenheimer type intermediates are involved 174,175 . 
In such a case bond-making and bond-breaking are supposed to be 
synchronous processes, as in Sjy2 reactions, albeit with a different 
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stereochemistry. To satisfy quantum mechanical principles for these 
synchronous processes Parker 295 suggested participation of 3d- 
orbitals, but a more sophisticated model avoiding high energy-d- 
orbitals was introduced by Simonetta 190,191,193 ' 388,889 . In this model 
the substituent (X) to be displaced and the nucleophile (Y) are 
treated as one entity (‘pseudo atom’) in the activated complex. The 
atomic orbitals of X, Y and C (1) of the aromatic ring combine to 
molecular orbitals as depicted schematically in Figure 5. This is 




Figure 5. Orbitals involved in the attack of a nucleophile Y — on an X-substituted 
aromatic molecule: (a) a ff-complex with j/> 3 -hybridisation is formed, (b) a quasi o-bond 
and a quasi 77 -bond are formed with the pseudo-atom XY. 


roughly analogous to a carbonyl double bond, with oxygen replaced 
by a pseudo atom XY, linked to the ring via a quasi a-bond, sym¬ 
metrical with respect to the plane of the ring and a quasi 7r-bond 
antisymmetrical with respect to this plane. 

This description allows for a large degree of freedom in the stability 
and rigidity in the activated complex. Moreover the quasi 7r-bond 
introduces double bond character between the XY pseudo atom and 
the rest of the molecule. This makes it possible to spread charge over 
the 77- as well as over the quasi -77 system which is promoted by 
electron withdrawing nitro groups in the benzene ring. Furthermore 
the cr-skeleton of the aromatic ring is not disturbed, nor is there 
generation of strain. This description is compatible with a syn¬ 
chronous one-stage 190 as well as with a two-stage mechanism. It has 
successfully been applied in the calculation of the 77 -electron energy 
in the transition state 193 . 

Simonetta’s model gives a reasonable explanation for one-stage 
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substitution processes in which Meisenheimer complexes are cir¬ 
cumvented. Whether this model should also be applied to two-stage 
processes seems less certain. 

At any rate there are many successful calculations (Valence bond 
and MO—LGAO) based on the classical Wheland model with a 
carbon atom at which substitution occurs via changes in hybridiza¬ 
tion from Sp 2 —* Sp a —* JJ^ 2 86,87,94,170,173 ’ 175 ’ 1 85,278,307,308.372,390 J n J-J^g 
Sp 3 stage the aromatic 77 -electron sextet is broken up, but this is 
largely compensated for by the formation of a new c-bond, and thus a 
relatively stable Meisenheimer complex results. Miller 153 calculated 
activation energies—in good agreement with experimental values—• 
for such processes, taking into account bond energies, electron 
affinities, delocalization energies and solvation and desolvation 
energies. 

In protic solvents the calculated order of reactivity with p- 
iodonitrobenzene was: 

MeS~ > MeO- > N 3 e > SGN© > J e > Br© > Cl e > F e 

Similar calculations were made by Bunnett 10 and Hudson 9 , with 
further refinements by Miller and coworkers 159 ' 160 . 

Rates of displacement have furthermore been related to Bronstedt 
relationships 9 - 90,113,167,173 (cf. in particular reference 175 and 
references therein). 

In recent years activated complexes have been studied by the 
measurement of activation volumes AV* obtained from the variation 
of reaction rates with pressure (equation 26), 

(d In fc/dp) T = -AV*/RT. (26) 

For the reaction of 2,4-dinitrochlorobenzene with n- and t- 
butylamine in ethanol a 3 to 7-fold rate increase was observed at a 
pressure increase of 1000 kg/cm 2 300,301 . This means that AV* is 
negative and that the transition state is more compact than the 
initial stage. This can be partly attributed to a considerable degree 
of new bond formation in a tight transition state (implying that 
bond making is the chief rate determining factor). 

In the reaction of amines, bond making involves development of 
charges so that (polar) solvent molecules are attracted in the tran¬ 
sition state, more than in their initial stage with neutral molecules (A V* 
negative). This also tends to make AT* negative. In the reaction of 
hydroxyl ion with 2,4-dinitrofluorobenzene the pressure effect is 


Table 18. Sensitivity of nucleophilic displacement of halogen from halonitrobenzenes to substituent (Z) variation as expressed by the 
Hammett p-value (n = number of Z-substituted compounds; r = correlation coefficient). 0 
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Table 19. The relative order of activating power of halogen atoms X on the displacement of other halogen atoms. 
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negligible 176 . This has been taken as evidence for a ‘loose’ transition 
state, where bond formation has made little progress. 

However, such conclusions must be taken with reservation since 
the degree of solvation e.g. for the charged nucleophile (OH - ) is a 
factor of great uncertainty. It is beyond the scope of this chapter to 
discuss related investigations in detail 180,302,391,392 . 

5. Effect of substituents in the substrate 

Nucleophilic aromatic substitution requires a nitro group or 
another strong electron attracting group to create centres of low 


Table 20. Activation by group X on the displacement of halogen from 
o-halonitrobenzenes by methoxide ions in methanol. 



X 

k re i> 50 

° 146 

X 

k rel , 50° 13 5.142 

X 

k re i, 60° 147 

PI 

1.00 


H 

1.00 

H 

1.00 

-N, 

2.41 


-so 3 - 

5.44 

— SMe 

21.7 

© © 





© 


—N=N(Ph)0 

5.35 x 

10 2 

—so 2 nh - 

2.60 x 10 

-NMe, 

2.13 x 10 4 

—N=NPh 

1.07 X 

10 3 

-so 2 nc 5 h 10 

6.09 x 10 3 



© © 







— N(0)=NPh 

3.31 x 

10 3 

— S0 2 NMe 2 

7.57 x 10 3 

— S©Me 2 

3.16 x 10 5 

—Ac 

8.08 x 

10 3 

— S0 2 NMePh 

8.14 x 10 3 - 



— CHO 

X 

CXI 

o 

CXI 

10 4 

— SQ 2 Me 

12.8 x 10 3 

Me 

0.119 287 

— GN 

3.81 x 

10 4 



cf 3 

8 1 5 287 

— no 2 

6.73 x 

10 5 





— NO 

5.22 X 

10° 





© 







—N = N 

3.83 x 

10 8 







X 


X 

k re i, 50° 139 

X 

k re i, 100.8° 120 

H 

1.00 

— o - 

1.26 x 10 -4 

© 

NMe 3 

1.43 x 10 4 

NMe 2 

1.97 x 10 -2 

no 2 

1.01 x 10° 

Me 

3.85 x 10 -1 



MeO 

7.45 x 10 -1 



H 

1.00 



Cl 

13.3 
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electron density for attack by the nucleophile. This type of activation 
is quantitatively expressed by high positive p-values in the Hammett 
equation log k B jk H = a R p. Table 18 shows that p -values range from 
+ 2.6 to +8.4. In many reaction series the Hammett relation is 
followed almost perfectly i.e. correlation coefficients 393 approach 
unity. When an electron donating substituent enters into mesomeric 
interaction with an ortho- or para- nitro group, deviations from line¬ 
arity are observed which are reflected in a lower correlation co¬ 
efficient as shown in particular by the recent studies of Brieux and 
coworkers 48 ' 49 . The ^-values of halogens are of little use in predicting 
the rate of displacement of another halogen (in dihalonitro 
aromatics). The irregularity (Table 19) is caused by the interplay 20,124 
of inductive effects (F > Cl > Br > J), inductomeric effects 
(J > Br > Cl > F) and mesomeric effects (F > Cl > Br > J). In 
2 -nitrohalobenzenes halogen displacement can be strongly promoted 
by introduction of a second electron attracting substituent in the 
4 -position. The data in Table 20 show that an extra nitro group 
increases the rate more than 100000-fold and this activating power 
is surpassed only by the nitroso- and the diazonium groups. Various 
substituents with a carbonyl group have separately been collected 
in Table 21. The interesting point is that all COX-groups promote 
displacement but when placed in ortho- position to chlorine there are 
some exceptions. The deactivating effect of a carboxylate group in 

O 

II 

Table 21 . The influence of a — G —X group on the displacement of chlorine 
by methoxide ions in methanol. 


Cl Cl Cl Cl 




5QO 126,141 

5QO 126,141 

qO 141 

qO 131,141 

X = H 

1.00 

1.00 

1.00 

1.00 

coo- 

7.12 

0.373 

0.007 

11.5 

conh 2 

262 

462 

27.9 

240 

CONMe 2 

380 


0.188 

65 

CONHPh 


1700 



COOMe 

1560 

174 

5.55 

728 

COMe 

1990 

246 



CHO 

2240 

284 



COPh 

2655 

21.6 

0.615 

820 


Table 22. Deactivation factors (fa/fe resp. hsjkoti) of halogen displacements. 
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NOo Me 970 3.62 276 [piperidine in methanol 

t tat 20° 

Me 3400 42.9 13.5 MeC>- in MeOH at 20° 

t-Bu — 57.7 — piperidine in MeOH at 90° 89 


Me 5.67 EtO in EtOH 21 
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position 6 of 2,4-dinitrochlorobenzene is particularly large (A coo _/ 
= 0.007). Apart from some steric effect this has been attributed 
to the repulsive field effect exerted by the negative carboxylate group 
on the approaching methoxide ion 69 . 

Nucleophilic displacement is disturbed in the presence of activat¬ 
ing groups, which are themselves vulnerable to nucleophilic attack, 
e.g. the aldehyde group. In order to minimize such side reactions 126 
in favor of normal halogen displacement, Miller 146 has selected the 
mildly nucleophilic SCN G ion in determining the (extra) activating 
effect of various vulnerable groups in the 4-position of 2-nitroiodo- 
benzenes. J. Miller and coworkers published an extensive series of 
papers on the influence of substituent effects on nucleophilic dis¬ 
placement from aromatic nitro compounds 119-161 . 

As expected, deactivation of nucleophilic displacement is effected 
by electron donating alkyl and alkoxy substituents (Table 22). Two 
methyl groups (Table 23) in o- and />-nitrobcnzcncs have almost a 


Table 23. The relative reactivities of dimethylsubstituted 1,2- and 
1,4-broraonitrobenzenes with piperidine in boiling benzene 281 . 


k H/ k (Me) a 

Positions of methyl groups 

3,5 

3,6 

4,5 

4,6 

5,6 

Me , -- 

NO, 

93,5 

— 

6,1 

530 

133 

Positions of methyl groups 

2,3 

2,5 

2,6 

3,5 

3,6 

_Me 

N ° 2 -C^: Br 

Me 

395 

113 

1975 

264 



2000 -fold rate lowering effect when both are flanking the halogen 
atom. This and certain reactions from Table 22 illustrate the im¬ 
portance of steric factors, also dominant in many other reactions as 
shown in the next section. 

6 . Steric effects 

Various types of steric effects on nucleophilic aromatic sub¬ 
stitution can be distinguished 1,4,49 ' 89 ’ 101 ' 126,126,132,295 . The activating 
electron-withdrawing power of the nitro group is largest when it is 
coplanar with the aromatic ring, a condition for optimum meso- 
meric interaction. Or/Ao-substitucnts may prevent coplanarity and 
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thus lower displacement rates 49 , as shown in Table 24. Many 
a-nitrohalobenzenes are therefore less reactive than the para -isomers 
towards nucleophilic reagents. 


Table 24. Effect of size and position of an alkyl substituent on the dechlorination of 
2,4-dinitrochlorobenzene. Reaction with piperidine in EtOH. 



Steric influences seem to be particularly prominent when the 
leaving group is flanked at both sides by substituents while there is 
also a strong decrease in activating power when both orfAo-positions 
to a nitro group are substituted 25,43,44 ’ 89 ' 90 ’ 119 ■ 1 23,i32.28i_ illustra¬ 
tion is given in Table 24. Also the iododebromination studied by 
Fierens and Halleux 331 is susceptible to steric hindrance of alkyl 
groups, as can be seen from Table 25 (cf. also reference 123). For an 

Table 25. Influence of an ailcyl group on the rate of 
replacement of bromine by iodine. 


NO, 



NO,—^ ln acetone al 80°. 


R: 

H 

Me 

Et 

i- Pr 

i-Bu 

10° • k 2 

2800 

620 

360 

430 

4.8 


unhindered approach of the nucleophile it is of course important 
that the nucleophilic centre is not shielded too much by bulky 
groups. For aliphatic amines steric factors are the most important 
in determining reactivities 29 ' 72 ' 114 ’ 116 ' 117 ’ 294,293 ' 307 . For instance 
2 ,6-dimethylpiperidine is about 200000 times less reactive than 
piperidine in displacing halogen from 2,4-dinitrofluoro- and chloro¬ 
benzenes 94 . This effect is further demonstrated in Table 26 For some 
piperidines 94,95 . An ortho -nitro group does not enhance appreciably 
the relative difference in halogen displacement rates by piperidine 
and substituted piperidines. Suhr 114 came to the same conclusion of 
only a small steric interaction of the ortho -nitro group. In penta- 
chloronitrobenzene steric congestion changes the nitro group from 
an activating to an activated group, which is displaced by sodium 
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Table 26. Influence of the introduction of methyl substituents in the 2- and 6-positions 
of piperidine on its rate of reaction in halogen displacement 94 ' 95 . 


n° 2 no 2 

N ° 2 — < \CZ^)— F N ° 2 —*((3^)— F N ° 2 ((Z 4 )— ci 



DMSO, 25° 
k rel. 

PhH, 25° 
k rel. 

PhH, 25° 
k rel. 

piperidine 

14,500 

59,700 

214,000 

2 -methylpiperidine 
trans- 2,6- 

26 

228 

101 

dimethylpiperidine 

m-2,6-dimethylpiperidine 

1 

1 

1 

0.16 


methylate, in preference to any of the chlorine atoms 894 (cf. also 
section IV). 

Steric effects in nitrohalonaphthalenes are discussed in section V. 


7. Reactivity of halogens and comparison with other leaving groups 

A glance at the various types of energy profiles (section III. 1) and 
the corresponding kinetic expressions (section III.2) shows that a 
general prediction of the order of halogen reactivity in nucleophilic 
aromatic substitution is impossible 85,162 ' 160 ' 164 - 395 . The simplest 
kinetics are found for reactions with good leaving groups (Tables 
27 and 27a), when product formation is governed exclusively by the 
rate of complex formation (cf. section III.2). 

The high reaction rate of 2,4-dinitrofluorobenzene (Sanger’s 
reagent for amino acids) with piperidine is caused by the large 

Table 27. Relative rates of the reaction 
of 1-X-2,4-dinitrobenzenes with 
piperidine in MeOH at 0° 67 . 


X 

k rel. 

F 

3300 

no 2 

890 

oso 2 c 6 h 4 ch 3 -/> 

100 

soc 8 h 6 

4.7 

Br 

4.3 

Cl 

4.3 

so 2 c 6 h 6 

3.2 

oc 6 h 5 no 2 -/> 

3.0 

I 

1.0 


Table 27a. Relative leaving abilities for various substituents X in the reaction 
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Table 28. Relative rates of displacement of halogens from halonitrobenzenes. 
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negative inductive effect of fluorine 382 which facilitates G—N bond 
making more than with other halides, while G-halogen bond rupture is 
not a rate limiting factor (contrary to aliphatic 8^2 displacements 396 ). 
This is a logical explanation, but other factors 132 may also partly 
contribute to the high reactivity of fluorine such as hydrogen bonding 
with amines 30,79 , solvation energy of the transition state 79,981121 and 
steric factors 132,156 . 

Table 28 gives a further illustration on the dependence of halogen 
reactivity on substrate, nucleophile, solvent, and temperature. It is 
particularly illustrative to notice that in the reaction of iodide ion 
with 2,4-dinitrohalobenzenes the fluorine isomer is least reactive 
contrary to the reaction with most other nucleophiles. The weak 
C—I bond in the intermediate Meisenheimer complex makes the 
return reaction to starting material important [k_ x relatively large) 
and thus C—F rupture becomes a rate limiting factor (cf. the kinetic 
expression in section III.2). Since of all the C-Hal. bonds, the 
C—F bond is strongest, displacement of fluorine is slowest. In those 
reactions where the second step is in part rate limiting, solvent changes 
affect fluorine displacement much more strongly than other halogen 
displacements because small ions gain more energy by solvation than 
large ones 24 . 

As a rule of thumb, Miller and Wong 158 state that in protic 
solvents halogen displacement will increase from I to F with first 
row nucleophiles and with very strong nucleophiles (CH 3 S^). 
Nucleophiles derived from heavy elements show the reverse order, 
because bond-breaking becomes rate limiting. 

Table 29 shows that the relative reactivity of fluorine increases 
on increasing nitro activation, in accordance with calculated 77- 
electron densities 176 . 

Table 29. Replacement rate of several substituted polynitrobenzenes in reaction with 
aniline in ethanol at 50° 296 . 



X: I F Cl Br NO a 


k: 0.94 334 4.79 3.34 4210 


10 4 ■ k: 1.31 168 4.20 2.70 2110 



Table 30. Relative reactivities for various nucleophiles. 
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R = alkyl. 
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g. Reactivity of nucleophiles 

The relative reactivities of some common nucleophiles in aromatic 
halogen displacement are listed in Table 30. The data show that the 
weakly basic thiophenolate anion is highly reactive like in aliphatic 
S N 2 substitution. Apparently polarisability and not only basicity is, 
important in both nucleophilic aromatic and aliphatic substitutions. 
The same is true for sulphite ion 29 . The high reactivity of alkoxides 
in comparison with hydroxides makes alcoholic solvents for alkali 
hydroxides unsuitable if ether formation is to be avoided in the 
preparation of phenols 62,162-166,174,176 ’ 181 ' 397 . Not only hydroxide 
ions, but also much weaker bases such as amines produce in alcoholic 
solution reactive alkoxy ions (equation 27). Despite their low 
equilibrium concentration 118 these can lead to very high yields of 
ethers (up to 97 %) 

R 2 NH + R'OH R 2 NH© + Roe (27) 

The nucleophilicity of alkoxides and phenoxides (Table 31) increases 
with basicity as long as steric factors do not dominate 166 . For many 
reactions ethoxide ion is found to be 3-8 times more reactive than 
methoxide 286 . Table 31 furthermore shows the reactivity of alk¬ 
oxides in relation to some other nucleophiles. Relative reactivities 
of nucleophiles (e.g. PhS 0 and MeO 0 ) depend strongly on the 
nature of the substrate, as seen in Table 32 (cf. also Table 26). 
Bunnett 67,73,74 has furthermore concluded that in general a highly 
polarizable nucleophile (PhS 0 ) displaces the most polarizable 


Table 32 . Relative reactivities of thiophenoxide and piperidine vs 
methoxide, illustrating the influence of a polarisability factor 70 . 





no 2 -<1 

d-* 

X 

k PliS-/ k MeO- 

X 

k PhS-/ k MeO— 

k pip. a / k MeO— 

F 

1.00 

F 

59 

0.85 

Cl 

38 

Cl 

1950 

0.98 



Br 

4850 

1.43 



I 

16800 

1.48 


pip = piperidine. 
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halogen (I) with greater ease. This has led to the view that London 
forces are operating in reaching the transition state 29 - 49,73,74 . 

Theoretical calculations by Miller 153,166 and by Hill 159 in which such 
factors are neglected nevertheless show good agreement with exper¬ 
imental values for such reactions as collected in Table 33. The real 


Table 33. Relative reactivities of various nucleophiles in reaction with some fluoro- and 

iodonitrobenzenes. 




Reagent in MeOH, 0° 




N,~ 

MeO - 

MeS - 

PhS- 

- 

l-F-4-NO a 

1.00 

4.05 x 10 3 

83.2 X 10 3 

5.02 X 

10 s 

l-I-4-NO a 

2.37 x 10“ 3 

1.58 

22.4 

2.19 x 

10 s 

l-F-2,4-(NO a ) 2 

1.00 

85.2 

9.75 x 10 3 

6.32 X 

10 s 

1-1-2,4-(NO a ) 2 

0.85 x 10~ 3 

15.1 x 10“ 3 

20.0 x 10~ 3 

254 



importance of London forces remains therefore uncertain 49,98,159,160 . 
Although there is generally no parallel between basicity (proton 
affinity) and nucleophilicity (carbon basicity) 97 there is good 
correlation within closely related series of reagents 81,82,283 . 

The Bronstedt relation 

log k = <xpA a + /? 

correlates nucleophilicity with basicity and applies to a number of 
substituted anilines and phenoles 9,90,118,167,173,175,398 . The constant 
a is a measure for the reactivity of the nitroaromatic substrate. 
Anilines follow the relationship better than alkoxy anions the latter 
being more reactive than predicted from their pA a values 9 . The 
Hammett-relationship provides another way of expressing quantita¬ 
tively the reactivity relationships of amines or phenoles. 

The large negative p-values collected in Table 34 reflect the 
importance of a high electron density at nitrogen or oxygen in the 
attacking nucleophile 307 . The p-value has been taken as a measure 
for the progress of bond-making in the transition state 323,346 . How¬ 
ever, this approach should be made with caution. For instance in the 
reaction with 2,4-dinitrochlorobenzene, benzylamines show similar 
reactivity as anilines, yet the p-values are vastly different (p = —0.77 
and —3 to —4, respectively). The reason need not be sought in the 
various degrees of bond-making in the transition state, but rather in 
the fact that the methylene group in benzylamines acts as a poor 
conductor of substituent effects 305 . 


Table 34. Substituent effects in nucleophilic reagents, as correlated by the Hammett equation (n is the number of reagents used, r is the 
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Further factors of importance in determining the nucleophilicity 
are steric effects 116,117 , hydrogen bonding 30,79,294 and nature of the 
solvent 100,326 . 

Characterizing the nucleophilicity of a reagent in general poses 
a very complex problem 9,10,399-403 . 


9. Medium effects 

Because the reaction of amines with nitrohalobenzenes takes place 
via an intermediate with charge separation it is not surprising that 
rates increase with solvent polarity 3,47 . For the particular iodine 
displacement in Table 35 the rate in DMSO is more rapid than in 


Table 35. The influence of solvents on 
the rate of the reaction 115 


NO, 


I + piperidine at 50°. 
10 6 • k 


Dimethyl sulfoxide 

18.4 

Dimethylformamide 

6.9 

Acetonitrile 

2.1 

Benzonitrile 

1.10 

Methyl ethyl ketone 

1.01 

Ethyl acetate 

0.40 

Benzene 

0.047 

Ethanol 

0.047 


benzene or ethanol by a factor of nearly 400. Reactions in alcohols 
can be easily speeded up by addition of some DMSO and a four-fold 
rate increase with no more than 20% DMSO is no exception 303 
(Table 36). Furthermore DMSO has the advantage that it tends to 
suppress side reactions 118 which makes it particularly suitable for 
kinetic measurements 116 . 

In many cases the response to change in solvent polarity is largest 
for the strongest nucleophile. In one particular iodine displacement 
(Table37) a solvent change from methanol toDMF gives acceleration 
factors in the order of 10 and 100,000 100 for phenoxide and thiophen- 
oxide ion, respectively. Certain displacements which are impossible 
or difficult in protic solvents, can sometimes be effected in aprotic 
DMSO, 160,169,407 e.g. chlorine displacement by fluoride ion 326 . This 


Activating Effects of the Nitro Group in Aromatic Substitutions 553 

Table 36. Reaction rates in methanol-dimethyl sulfoxide mixtures at 25° 303 . 


A. 


no 2 


•F + MeO 


D. N°2-^Q)—Cl + MeO 

no 2 


B. NO* 


r_ C^ 


-F + EtO 



+ PhCH 2 S" 


G. N0 2 




■F + MeoCHO 


+ PhCH 2 NH 2 


Vol. % DMSO 

A 

B 

G 

D 

E 

F 

0 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

20 

4.29 

3.36 

11.9 

4.87 

5.72 

2.71 

40 

23.7 

21.3 

77.8 

21.6 

35.7 


60 

171 

119 

380 


266 


80 

2120 

908 





90 






72.9 



can be explained by the fact that the nucleophilicity of anions in¬ 
creases in aprotic dipolar solvents because of decreased solvation 303 ; 
(cf. also reference 101, 168, 177). It was pointed out earlier (sec¬ 
tion II.2), that hydrogen bonding is important in many amino- 
dehalogenations 50,110 . It should therefore not be too surprising that 
o- and /j-chloronitrobenzene show in their reaction with piperidine 
completely different solvent effects. For instance a change from 
benzene to methanol decreases the rate of displacement in the ortho- 
compound by a factor of 4, but in the j&ara-compound it increases 
by a factor of 6 46 . Some general rules concerning the solvent action on 


Table 37. Rate of deiodination of ^-iodonitrobenzene 
by phenoxide and thiophenoxide at 0° in ethanol and 
dimethylformamide 100 . 


NO. 


PhS- 


I + 


MeOH DMF 

Ag X 10 4 


0.034 820 


PhO- 


0.004 


0.066 
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aromatic nucleophilic substitution are given by J. Miller 163 . Solvent 
effects have been studied widely but nevertheless, many aspects 
remain too complex for unambiguous interpretation, and have mainly 
empirical value 9 ' 10,68,60 ' 68 ' 101 ' 116 ' 129 ' 143 ' 162 ’ 164-166 ' 288 ' 304 ' 318,322,848 ' 408 . 

IV. NUCLEOPHILIC DISPLACEMENT OF 
OTHER GROUPS 

I. Displacement of hydrogen 

It was pointed out in the introduction that nitrobenzene is 
converted to o-nitrophenol upon heating with super-dry potassium 
hydroxide 409 especially in the presence of a weak oxidizing agent 
(equation 28), 



The interference of hydride ions is avoided in certain nucleophilic 
reactions of hydroxylamine. For instance with 2-nitronaphthalene a 
normal Meisenheimer complex 410,411 is formed but instead of losing 
hydride ion, water is eliminated in a facile 1,2-elimination process 
(equation 29), 



The high yield of l-amino-2-nitronaphthalene shows that reduction 
of nitro groups is largely suppressed. 

Metal salts of secondary amines are also good nucleophiles for 
displacement of hydrogen in aromatic nitro compounds. It depends 
somewhat mysteriously on reaction conditions as to which hydrogen 
is removed. In nitrobenzene />«ra-hydrogen is displaced by sodium 
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piperidide in piperidine at room temperature 412,413 , whereas ortho 
hydrogen is displaced by lithium piperidide in ether at —50°. 414 
Reductive side reactions and condensations limit the practical 
usefulness of such reactions (equation 30). 



The tendency to form polycyclic products is also found in the reaction 
between nitrobenzene and aniline in the presence of sodium 
hydroxide 415 (equation 31). 



The intermediate nitroso stage is supported by the isolation of some 
^-nitrosodiphenylamine. 

Hydrogen can also be displaced by the much weaker nucleophilic 
cyanide ion. With m -dinitrobenzene the ortho position with respect 
to both nitro groups is preferentially attacked by potassium cyanide 
in methanol 416 . The expected 2,6-dinitrobenzonitrile is not isolated 
as such, because one of the nitro groups is lost as nitrite ion either by 
attack of the solvent or by methoxy ions, which arise in small con¬ 
centration from the equilibrium between cyanide ion and solvent 
(equation 32). 
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Similar examples of nucleophilic displacement of nitro groups under 
the influence of activating substituents (e.g. cyano and nitro groups) 
are given in the next section. 

Other nucleophilic hydrogen displacements scattered in the older 
literature have been reviewed 1 . 

A remarkable application of nucleophilic hydrogen displacement 
is the introduction of methyl groups by dimethyloxosulfoniumylide. 
The latter is obtained from DMSO and methyl iodide via elimination 
of hydrogen iodide from the trimethyloxosulfonium salt by a suitable 
base 417 ’ 418 (equation 33). 




+ OS(CH 3 ) 2 


(33) 


This vigorous reaction leads to a mixture of o- and ^-nitrotoluene 
(ratio 2:3) in a total yield of 35 %. Without the activating influence 
of the nitro group the reaction is much slower. Triphenylphos- 
phonium methylide (^ 3 P=GH 2 ) reacts similarly but yields are 
lower (up to 13%). Other nitro compounds such as 1-nitronaphtha- 
lene, nitrotoluenes, nitroanisoles and chloronitrobenzenes are 
methylated in yields up to 25 %. Interestingly, in the three isomeric 
chloronitrobenzenes, hydrogen (in ortho position to the nitro groups) 
and not halogen is displaced. 

A ‘normal’ nucleophilic displacement by an addition-elimination 
mechanism seems to explain the results adequately. However, in 
the highly polar solvent DMSO the ‘carbon basicity’ of the nucleo¬ 
phile may be decreased in favour of its ‘hydrogen basicity’. In our 
opinion—as opposed to Traynelis and McSweeney—initial proton 
abstraction (arrow with question mark) can therefore not be ruled 
out a priori. This view is supported by the recent finding of almost 
complete replacement of the hydrogens in j-trinitrobenzene by 
deuterium 419 in a mixture of 90% DMF-10% deuterium oxide 
containing 0.01 m sodium deuteriooxide (equation 34). The choice 
of solvent is extremely important since in several other alkaline 
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media e.g. 8 m sodium hydroxide or pyridine no deuterium in¬ 
corporation can be achieved 420 . In such media the nucleophile 
exerts its ‘carbon basicity’ 97,101421 with predominant formation of 
Meisenheimer complexes. In DMF the nucleophile is strongly 
solvated and this somehow increases its ‘hydrogen basicity’ 422 and 
its capacity for proton abstraction from carbon. In wz-dinitrobenzene 



the proton ‘between’ the two nitro groups can similarly be ex- 
changed 206,208,423 for tritium. By spectroscopic and tracer measure¬ 
ments Gold has definitely shown that a Meisenheimer complex— 
even if the majority of m-dinitrobenzene is present as a complex 
cannot be responsible for hydrogen exchange. The exchange takes 
place by proton abstraction from the small fraction of nitro com¬ 
pound present as such in the alkaline medium 

A specific case of hydrogen replacement is found for wz-nitro- 
benzal chloride 424,425 with X = Piperidine, MeO~ or EtO~ (equa¬ 
tion 35). 



Table 38. Displacement of hydrogen in nitroaromatics. 
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A short discussion on these and other hydrogen replacements is 
given by Shatenstein 426 . 

Table 38 gives a collection of some hydrogen displacements from 
nitro compounds. Garbanions derived from ketones (e.g. acetone) 
by removal of a-hydrogen in alkaline media, can also displace 
hydrogen in aromatic nitro compounds but an oxidizing agent is 
necessary to remove hydrogen from the relatively stable adduct 
(the nitro compound itself is apparently not effective in this respect) 
(equation 36). 



adduct 


Because of the relative stability of the adducts and their characteristic 
colors, this reaction has found some use as a qualitative test for 
aromatic nitro compounds. When carried out with aqueous acetone 
in the presence of hydroxides it is known as the Yanowski reaction, 
with alcoholic acetone in the presence of alkoxides as the Zimmer- 
mann reaction. Evidence for the structure of the intermediate com¬ 
plex has been given by Severin and Schmitz 436-437 by reduction of 
the complex with NaBH 4 (which does not attack the nitro group), 
followed by oxidation with bromine and isolation of a bicyclic 
ether (equation 37). 



An extensive study of similar reactions was made by Pollitt and 


Position 

no 2 

Subst. 

Reagent 

Ref. 

1 


NaOH, acetone 

368 


3-R“ 

OH - , acetone 

438 


S-R^^-R^ 

OH - , acetone 

438 



OH - , acetone 

368 



Na, acetone in o-xylene 

229 

1,3 


60 reagents with activated 

439 



methylene groups 




OH - , acetone 

245, 250, 368, 440 



OH - , acetophenone 

217, 440 



OH - , acetophenone in EtOH 

441 



OH - , ketones 

217 



EtO - , ketones 

217 



Na, acetone in o-xylene 

229 

1,4 


Na, acetone in o-xylene 

229 


2,3-Me 2 

Na, acetone in o-xylene 

229 

2,4 

1-OH 

EtO - , acetone 

437 



OH - , acetone 

217, 235, 251, 368, 369 


1-R 

OH - , acetone 

250, 389 


1,5-Me 2 

OH - , acetone 

235 


1,3-Me 2 

OH - , acetone 

235 


I-Me-5-R 

OH - , acetone 

236 


1-OR 

OH - , acetone 

236 


l-Me-5,6-(OEt) 2 

OH - , acetone 

235 


3,6-Me 2 

OH - , acetone 

235 


1,3,5-Me 3 

OH - , acetone Na, acetone 

229, 235 


1-Me 

OH - , acetone 

235 


3-Me 

OH - , acetone 

235 


1-R r 5-R 2 

OH - , acetone 

389 

3,5 

1-R 

OH - , acetone 

236, 442-444 


1-R 

OH - , acetophenones 

443, 444 


I-SOoAr 

Na, ketones and esters 

445 

2,6 

1-R 

OH - , acetone 

389 

1,2,4 


OH - , acetone 

236 

1,2,3 

5,6-Me 2 

OH - , acetone 

236 

2,4,6 

1-Me 

OH - , acetone 

235, 315, 316 


l-NMeNO a 

OH - , acetone 

315, 316 


1,3-Me 2 

Na, acetone in xylene 

229, 235 


l-OH 

OH - , acetone 

313, 446 


1-OR 

OH - , acetone 

313 


1-R 

OH - , acetone 

313 


1-NR 1 R 2 

OH - , acetone 

313 

1,3,5 


OH - and Na in acetone 

229, 252, 235, 245, 315, 




368, 440, 442, 447, 448 



OH - , acetophenone 

440, 447, 448 



NHEt 2 , acetone 

224, 363 



©CH 2 —CO—CH 3 , several 

221 



solvents 




acetone 

362 



EtO - , several ketones 

435, 436 



NEt 3 , several ketones 

223, 225 


R x , R 2 j and R 3 = alkyl. 
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Saunders 389 . Table 39 shows a number of these reactions which are 
often limited to a discussion of spectra. Very complicated reactions 
arise when acetone reacts with trinitrobenzene (TNB) in the presence 
of diethylamine. Among the products are aliphatic nitro compounds 
resulting from an intricate opening of the aromatic ring 224 ’ 225 
(equation 38), 


TNB + 2 HNEt 2 


acetone 

-► * complex 



2. Displacement of nitro groups 

All nucleophilic displacements discussed so far take place under 
the activating influence of the nitro group. However, when activated 
by suitable electron withdrawing substituents, the nitro group itself 
may also be displaced 114 162 - 181 . Illustrative examples are found in 
the reaction of o- and /(-dinitrobenzene with various nucleophiles, 
(Table 40) (equation 39), 



Y© = OR 0449 ' 450 , NH 2 0451 , SAr 0452 , SO 3 Na 0 453 


With hydroxide and alkoxide ions the nitro group is more easily 
displaced than chlorine from similarly activated positions 1 . Never¬ 
theless reaction is slow at room temperature and is mostly carried 
out at elevated temperatures. 

The rates of reaction in relation to the Hammett H-acidity function 
of the isomeric dinitrobenzenes with methoxide in methanol have 
been studied by Schaal and coworkers 464 ' 455 . 

ot-D] nitrobenzene does not eliminate nitro groups and this prop¬ 
erty has been used in the past to remove o- and jfr-dinitrobenzene 
as the corresponding nitrophenolates from crude m-dinitrobenzene 
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Table 40. Rates of reaction of several polynitrobenzene derivatives 
with aniline in EtOH at 50° 279 . 


10 4 • i 2 1. mole 1 ■ sec 1 



no 2 

3260 

2110 

42100 

F 

87.7 

168 

3340 

Cl 

1.98 

2.69 

33.4 

Br 

3.66 

4.05 

47.9 

I 

0.832 

1.31 

9.40 


by heating at 80° with 1 % sodium hydroxide 456 . With stronger 
alkali and at higher temperatures m-dinitrobenzene does react also 
and is partly reduced to an azoxy derivative, by reactions involving 
not nitro but hydrogen displacement as described in the previous 
section. Presumably this reaction also occurs to some extent with 
dilute sodium hydroxide and this may partly explain why the 
purification with alkali is not perfect. A better method is treatment 
of crude wz-dinitrobenzene with sodium sulphite, which removes the 
ortho- and para -isomers by conversion into soluble nitrosulphonates 457 . 
Other aromatic compounds with a mobile nitro group 468 ’ 469 are 
involved in the reaction of cyanide ion in methanol with m- di¬ 
nitrobenzene 456 (equation 32). 

Numerous reactions are recorded with tri-, tetra- and more highly 
substituted aromatics. In all three isomeric trinitrobenzenes 2, 3 
and 4 one nitro group—indicated by an asterisk—can be displaced 
by an alkoxy 247,460 or amino 295 ’ 461 group. 



no 2 

(2) (3) (4) 


3,5-Dinitroanisole is conveniently prepared from 1,3,5-trinitro¬ 
benzene by boiling with sodium methylate 462 . 
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More recently potassium bicarbonate has been recommended as a 
specific catalyst in methanol effecting the exchange of a nitro group 
for a methoxy group. Interestingly other weak bases like sodium 
acetate are far less effective. The following mechanism, which bears 
some analogy with the von Richter reaction (cf. section VII.2) has 
been suggested 463 as a logical pathway (equation 40). 



Many sterically hindered nitro groups are displaced very smoothly 
even at low temperatures 466 and this is used to advantage in the 
explosives industry for the technical purification of 2,4,6-trini¬ 
trotoluene with sodium sulphite, which removes preferentially 
unsymmetrical polynitro compounds 465 as soluble sulphonates 
(equation 41). 


CH, 



NO. 


'2 0,N 

1 Na.SO, 1 


NO, 


no 2 



NO, 


SO,Na 


NO, 


(41) 


Overcrowding of nitro groups increases their mobility enormously 
as shown by the moisture sensitivity of 1,2,3,5-tetranitrobenzene 466 
which decomposes into picric acid, and of hexanitrobenzene 467 
which gives trinitrophloroglucinol. Such reactions have more 
theoretical than practical significance. An interesting case arises 
when competitive displacement of halogen and nitro groups from 
one molecule is possible. When flanked by two ortho-chlorine atoms 
the nitro group can not fully exert its — M effect because of steric 


Table 41. Nucleophilic displacement of nitro groups from nitroaromatic systems. 
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hindrance. Thus the mobility of chlorine is diminished and dis¬ 
placement of nitro groups becomes competitive. In pentachloro- 
nitrobenzene the nitro group is even displaced in preference to any 
chlorine 468 . 

Other electron-withdrawing substituents which promote the 
mobility of an ortho-nitro group are the diazonium group 411 and 
the sulfonyl group 460 . Many other examples of nitro group displace¬ 
ment in the older literature have been collected by Bunnett and 
Zahler 1 . Because compounds with mobile nitro groups are less easily 
available than those with mobile chlorine, they have received less 
attention and most of the work—including recent investigations 469 — 
has been confined to product analysis rather than kinetics. 

Recent examples of the mobility 171 ' 295,326 of the nitro group in 
activated aromatic systems are collected in Table 41. 


3. Displacement of alkoxy- and aryloxy groups in hydrolysis 
and trans-etherification 

Displacement of an alkoxy or aryloxy group from nitro-activated 
aromatic ethers is usually more difficult than displacement of 
halogen. This is best understood in terms of leaving group stability. 
Other things being equal, halogen is removed as anion more easily 
from a Meisenheimer complex than an alkoxy ion. One of the first 
studies in this field was connected with picryl ethers (equation 42). 



When 2,4,6-trinitroanisole reacts with ethylate ion the intermediate 
complex can be isolated 474 . Through the presence of three nitro 
groups it is so stable that neither of the alkoxy groups is lost in 
alkaline medium at room temperature. However, upon heating (or 
treatment with water 230 ) one alkoxy group can be split off, leaving 
either the original trinitroanisole or the phenethole. Because the 
methyl group has a slightly smaller +1 effect than the ethyl group, 
methoxy is a better leaving group than ethoxy. 

Recently these decompositions have also been studied by Murto 



!. Hydrolysis and transetherification of alkoxy- and aryloxy-nitro-aromatic compounds. 
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and coworkers 178-180 . The ether oxygen in the Meisenheimer inter¬ 
mediate is protonated and a unimolecular decomposition follows. The 
same holds for other trans-etherifications with trinitroanisole and 
other nitro arylethers in reaction with alcohols as studied by 
Gitis 229-249 and Foster 226 . Although Meisenheimer complexes cannot 
always be isolated there seems little doubt that nucleophilic displace¬ 
ment of alkoxy groups from less activated nitro compounds proceeds 
similarly 464 , the only difference being a less deep saddle in the graphs 
of energy vs reaction-coordinate (cf. section III. 1), 

When o- and jb-nitroanisoles are boiled with ethanol containing a 
small amount of potassium hydroxide the corresponding phenetoles 
are obtained in 70 - 90% yield 476 . The reactions are reversible with 
methanol in sealed tubes at 100° 477 , and this shows that the activation 
energy to form the Meisenheimer complex from mono-nitro aro¬ 
matics is much higher than with more strongly activated aromatic 
ethers 242 . No such exchange could even be achieved with /;-nitro- 
anisole and isopropyl alcohol, isobutanol or phenol 477 . 

Reactions of 2,4-dinitroanisole have been studied by Ogata and 
Okano 477,478 and by Gitis and Glaz 231 with various isomeric C 3 - 
and C 4 -alcohols (yield 73-77 % after 10 h reflux). The rupture of the 
aryl-oxygen (not alkyl-oxygen) bond is demonstrated by a reaction 
of 2,4-dinitroanisole with ls O-labeled ethanol, yielding the labeled 
phenetole 239 (equation 43), 

2 ,4-(N0 2 )2C 6 H 3 0Ar + RWOH -> 2,4 (N0 2 ) 2 Cr,H 3 18 0R + ArOH (43) 

With an activating methylsulfonyl group instead of one of the nitro 
groups trans-etherifications are equally smooth 237 . 2,4-Dinitrophenyl- 
benzyl ethers react similarly with benzyl alcoholate 248 . 

2,4-Dinitrophenyl aryl ethers are easily transetherified with ali¬ 
phatic alcohols, in accordance with the stability of the leaving 
aryloxy anions. The rate of displacement 478 can even be correlated 
with p K values 479 of the corresponding phenols. Displacement of the 
/>-nitrophenoxy group at 20° in alkaline methanol is about 16 times 
more rapid than of the phenoxy group in 2,4-dinitrophenyl aryl 
ethers. Hydrolysis of yram-2,4-dinitrophenyl ether 480,481 and other 
activated ethers 482 can be effected by boiling with 20% alcoholic 
potassium hydroxide. With more heavily nitrated aromatic ethers 
and hydroxide ion complex side reactions are often encountered. 

The concept of acidity functions has been applied to the reaction 
of 2,4-dinitroanisole in strongly alkaline media 483-485 . 


569 


Activating Effects of the Nitro Group in Aromatic Substitutions 

4. Displacement of alkoxy- and aryloxy groups by amines 

Displacement of the methoxy group in 2,4-dinitroanisole or methyl 
picrate by alcoholic ammonia 486 ' 487 or aniline 477 is difficult partly 
because of side reactions. Displacement of phenoxy groups is easier 
e.g. 2,4-dinitrodiphenyl ether upon boiling with aniline gives 2,4- 
dinitrodiphenylamine in 80% yield 477 ' 488 . With alcoholic ammonia 
phenoxy displacement is much slower 489 . Even a single nitro group 
in the 2-position of diphenyl ether may activate the ether linkage 
sufficiently for cleavage by certain nucleophiles such as hydrazine 478 
to give benzotriazole by further reduction and condensation. 

In the nucleophilic reaction of amines with asymmetric diphenyl 
ethers containing several nitro groups the amine nitrogen becomes 
attached to the more heavily nitrated ring and the second ring is 
isolated as a phenol. This has been shown by Turner 490 ' 492 for many 
reactions with piperidine. Other examples have been reviewed by 
Ungnade 493 . Displacement of aryloxy groups by pyridine and 
diethylamine has been reported by Beckwith and Miller 130 . 

The reactivity for replacement in 4-nitro- and 3,4-dinitrophenyl- 
oxo-, thio- and seleno ethers by amines decreases in the order 494 
O > S ^ Se. Finally it should be pointed out that the cleavage of 
activated aryl alkyl ethers does not always proceed via Meisenheimer 
type complexes. Especially tertiary amines (pyridine, dimethyl- 
aniline, trialkylamines) attack di- and trinitroanisoles not at the 
aromatic nucleus but at the aliphatic methyl group in a S, v 2 type 
aliphatic substitution 495-497 leading to quarternary ammonium salts 
(equation 44), 


+ CHgOH 


(44) 

H sC-N^> 
( 100 %) 

Primary and secondary amines can form Meisenheimer complexes 
with an intramolecular hydrogen bond (cf. section II.2). This may 
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well be the dominant factor which leads to a different pathway with 
tertiary amines, where hydrogen bonds play no role. 

An indirect way of displacing a hydroxyl group from nitrophenols 
goes by way of the tosylate, easily accessible by reaction of the phenol 
with tosyl chloride. The strong electron withdrawing power of the 
sulphonyl group makes the tosylate an excellent leaving group in 
nucleophilic displacement by amines 498-500 (equation 45), 


CoH 0 NH 2 
80 ° 

10 min. 

Tos = />-CH 3 C 6 H 4 S0 2 


98% 




With tertiary amines (pyridines, A,iV-dialkylanilines) the displace¬ 
ment follows in principle the same course 501,502 . 

A complication arises when the tosylate is prepared in situ from 
tosyl chloride and (polynitro)-phenol in pyridine solution. The 
solvent displaces the tosylate group but the resulting pyridinium 
salt is further attacked by weakly nucleophilic chloride ion, set free 
during the esterification. This illustrates the high leaving tendency 
of pyridine from nitroaryl pyridinium salts. The whole sequence of 
reactions constitutes a practical procedure for replacement of a 
hydroxyl group by chlorine, especially when hydrochloric acid is 
added in the final step 501,502 (equation 46), 



TosCl 

pyridine 

- > 

100 ° 

2 steps 



In the absence of pyridine no such products but only the trinitro- 
phenyl tosylate is obtained because chlorine cannot displace the 
tosylate group. Accordingly lithium chloride fails to react with 2,4- 
dinitrophenyl tosylate 502 . 
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Neither does sodium phenoxide give a diphenyl ether with an aryl 
tosylate. It reacts with 2,4-dinitrophenyl tosylate predominantly 
by nucleophilic attack on sulphur, yielding phenyl tosylate and 
2,4-dinitrophenol (trans-esterification) 602 . 

A survey of further examples of reactions between amines and 
activated ethers is given in Table 43. 

5. Displacement of sulphonate (OSO a Ar) and other ester groups 

Removal of a sulphonate group from an aromatic molecule under 
the activating influence of a nitro group offers two possibilities, 
G—O or S—O fission (equation 47). 



With reagents of high polarizability (e.g. PhS - ) C—O fission takes 
place predominantly 74 . Introduction of methyl groups in the ortho 
positions of the arylsulphonyl groups gives no indication of a steric 
influence on the relative proportions of C—O vs S—O fission 74,75 . 

In 2,4-dinitronaphthalenes the />-1ohienesu 1 phonate group is 
displaced from the 1-position even faster than fluorine 67 . Examples 
of reactions of sulphonate displacement are collected in Table 44. 

Similarly carboxylic esters (Table 45) offer two modes of fission: 

o 

NOgAr-^-O-^C — R 

(a) (b) 

an Ar—O fission ( a ) or an acyl-O fission ( b ). Mostly acyl-O fis¬ 
sion predominates, but for trinitrophenyl benzoate in neutral 
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Table 44. Nucleophilic displacement of sulphonate groups from 


NO, 

■ >©- 


OSOoAr 


Position of 
N 0 2 group 

Sulphonate 

Reagent 

Solvent 

Ref. 

1 

2 -/)-toluene 

piperidine 

aq. dioxan 

74, 75 


4-/>- toluene 

piperidine, PhS — 

aq. dioxan 

74, 75 


4-/)-toluene 

piperidine 

DMSO 

114 


4-/»-toluene 

acetoacetic ester 

THF 

74 


2 -mesitylene 

piperidine 

aq. dioxan 

74, 75 


4-mesitylene 

piperidine 

aq. dioxan 

74, 75 

1,3 

A-p- toluene 

MeOH + base 


504 

2,4 

1 -ji-toluene 

PhS~ 

aq. dioxan 

74 


1 -^-toluene 

R 4 a N®NO 3 0 


348 


\-p- toluene 

piperidine, aniline. 

several 

67, 74, 75 



glycine ethyl ester, 





MeO - , PhO“ 




1 -mesitylene 

piperidine 

MeOH 

75 


1 -mesitylene 

piperidine 

several 

74 



MeO - 

acetone-MeOH 

74 


a R = alkyl. 


methanol 504,606 and for /;-nitrophcnyl acetate 114 in DMSO Ar-O 
fission is reported. 

The relative importance of C—O splitting in nitrophenyl phos¬ 
phates (cf. Table 45) and sulphates 606 depends among other things 
upon the nature of the amine used 298,607 . 


Table 45. Displacement of ester groups from 


no 2 


OAcyl and 


no 2 


OPOo 


Position of 
NO a group 

Ester group 

Reagent 

Solvent 

Ref. 

1 

4 -OOCCH 3 

piperidine 

DMSO 

114 


4 -OPO 3 2- 

sec. and prim. 

h 2 o 

298, 507 



amines 




4 -OSO 3 - 

amines 

h 2 o 

506 

2,4 

1-OOCMe 

NH 3 liq. 


216 


1-OOCPh 

NH 3 liq. 


216 

2,4,6 

1-OOCPh 

MeOH + base 


505 


1-OOGMe 

MeOH + base 


505 
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6. Displacement of amino and ammonium groups 

In section IV.4 it was shown that in 2,4-dinitrophenyl pyridinium 
salts the pyridine group is highly mobile and readily displaced by 
weakly nucleophilic chloride ion. Accordingly stronger nucleophilic 
aniline yields 2,4-dinitrodiphenylamine 508 (equation 48) but hydrox¬ 
ide ion does not give 2,4-dinitrophenol. Instead an unstable 
addition product is formed, in which hydroxide ion has broken up 
the electron-sextet of the pyridine ring. The adduct undergoes ring 
fission to an unsaturated highly colored aldehyde 509 , which plays an 
essential part in providing a C 5 -moiety for an elegant azulene 
synthesis 610 (equation 49), 



4- destruction of the pyridine ring to a C B -fragment. 



On the other hand JV-alkyl- and N,N, -dialkyl-2,4-dinitroaniline 511 , 
when heated with alkali are hydrolysed to 2,4-dinitrophenol and 
amine. Mechanistically similar trans-aminations in nitro-activated 
aromatic amines have also been observed 512 . One single nitro group 
activates a trimethylamino group in the para position sufficiently 
to be displaced by the ethoxyl group in refluxing ethanol 513 
(equation 50). 

It is of interest to note that similar treatment of non-activated 
aryltrimethylammonium compounds leads to demethylation 613,514 
with formation of methyl ethyl ether (equation 51), 


®N(CH 3 ) 3 


+ EtO® 


OEt 

-* (fS) + N ( CH 3>3 


(50) 
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In contrast to tertiary amino groups, primary amino groups are 
displaced far more difficultly, because of highly complex side reactions. 

For further examples of these and other amine displacements the 
reader is referred to Table 46. 


Table 46. Displacement of amino groups. 


Position of 
NO a group 

Amino substituent 

Reagent 

Solvent 

Ref. 

1 

4-NH 2 

OH- 

h 2 o 

483 

2,4 

i-nh 2 

MeO~ 

MeOH—DMSO 

206, 209 


1-NH, 

MeO“ 

DMSO 

197 


1-NH 2 

RO — ° 

ROH a 

515 


3-NH 2 

MeO- 

MeOH—DMSO 

206 


3-NH 2 

NH 3 liq. 


216 


6 -NH 2 

NH 3 liq. 


216 


1-NPhH 

OH- 

h 2 o 

384 


1-NHPh 

MeO- 

MeOH—DMSO 

197, 206, 209 


1-NHPh 

RO- 

ROH 

515 


l-NMe 2 

MeO- 

DMSO 

205 


l-NRjR 2 a 

NH 3 liq. 


216 


1 -pyridinium 

PhS- 

MeOH 

70 

2,4,6 

1-NH, 

OH-; MeO- 

H 2 Oj MeOH 

198, 199, 203 


1-NH, 

EtO“ 

EtOH 

429 


1-NH 2 

ethanolamine 


365 


1-NHR 

MeO - ; EtO 

MeOH; EtOH 

503 


l-NMe 2 

OH”; MeO-; 

H 2 0; MeOH 

198, 203 



gh 3 gogh 2 © 

NEt 3 + acetone 

226 


1-NR* 

OH” 

DMSO—H,0 

206 


1-NR 2 

MeO- 

MeOH; DMSO 

206, 209, 375 


1-NRjR 2 

NH 3 liq. 


216 


1,3,5-(NH 2 ) 3 

NH 3 liq. 


216 


1-NMeNO, 

NaOH 

h 2 o 

314 


° R, R 1; and R 2 = alkyl. 


7. Displacement of miscellaneous groups 

In this section are collected displacement reactions of various 
groups (Table 47) from nitro activated aromatic systems by a variety 
of nucleophilic reagents. 



Table 47. Miscellaneous reactions of activated nitroaromatic compounds with nucleophilic reagents. 
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V. DISPLACEMENTS IN POLYCYCLIC AND HETERO- J 

CYCLIC NITRO COMPOUNDS j 

* 

'J 

I. Displacements in polycyclic nitro compounds j 

’1 

Elias and Parker 282 have given a comparative literature survey of 
nucleophilic displacement reactions for a number of analogous 
nitrobenzene and nitronaphthalene derivatives, the only polycyclic 
nitroaromatic system studied to some extent. In hydroxylic solvents : 
the nitronaphthalenes seem to have a lower energy of activa- 
tion 3018(! - 282 . It is thought that for naphthalenes the two-stage 
mechanism is more pronounced. Table 48 illustrates the higher 


Table 48. Comparison of the rate of halogen displacement from 1 -X-2,4-dinitrobenzene 
and l-X-2,4-dinitronaphthalene by aniline in ethanol at 50°. 



X: 

I 

Br 

Cl 

F 

X 






Op 

10 4 X k 2 : 

224 





^ rel• 

1.00 

2.18 

2.01 

8.52 

X 






0r N ° ! 

10 4 X k 2 x 

1.31 




T 

no 2 

Kel- 

1.00 

3.10 

2.05 

128 


reactivity of l-X-2,4-dinitronaphthalene in comparison with 1-X- 
2,4-dinitrobenzene. Remarkable in this respect is the relatively low 
reactivity of fluorine. However, the order of reactivities of halogens 
in the naphthalene series is similar to that in the benzene series 895 
(cf. section III.7, Table 28). 

In nitronaphthalenes there is a marked difference in reactivity 
between the two isomers 5 and 6. 



(5) 


(«) 
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Table 49. Some displacement reactions of nitronaphthalenes and nitroanthracenes. 


Naphthalene substrate 

Reagent 

Solvent 

Ref. 

1-F-2,4-(NO s ) 2 

aniline 

ethanol 

282 

l-Cl-2-N0 2 

KOH 

aq. dioxan 

182, 185 


KOH 

aq. ethanol 

184, 185 


MeO" 

MeOH 

183 


EtO" 

EtOH 

183 


piperidine 

benzene, EtOH 

187 



piperidine 

395 

l_Cl-4-N0 2 

KOH 

aq. dioxan 

182, 185 



aq. ethanol 

184, 185 


MeO"; EtO~ 

MeOH; EtOH 

183, 190 


piperidine 

EtOH 

187, 190 



benzene 

186 



aq. EtOH 

184, 185 

2-Cl-l-N0 2 

KOH 

aq. dioxan 

182, 185 


MeO"; EtO 

MeOH; EtOH 

183 


piperidine 

piperidine 

395 



EtOH; benzene 

188, 190 

l-Cl-2,4-(N0 2 ) 2 

MeO-; EtO" 

MeOH; EtOH 

189, 190 


nh 3 

MeOH 

520 


piperidine 

benzene; EtOH 

186, 189, 190 


aniline 

EtOH, MeOH 

282, 520 


PhSO a H + NaHGOg 

acetone 

344 


a (R0) 2 P(0)SNa 

EtOH 

522 

l-Gl-4,8-(N0 2 ) 2 

MeO" 

MeOH 

521 

l-Cl-4,5-(N0 2 ) 2 

MeO - ; EtO" 

MeOH; EtOH 

189, 190 


piperidine 

EtOH and PhH 

186, 189, 190 

l-CI-2,4,5-(N0 2 ) 2 

aniline 

EtOH 

282 

l-Br-2-NO a 

MeO-; EtO" 

MeOH; EtOH 

188, 190 


piperidine 

EtOH 

188, 190 



piperidine 

395 



benzene 

186, 521 

l-Br-4-N0 2 

MeO - ; EtO" 

MeOH; EtOH 

188, 190 


piperidine 

EtOH 

188, 190 



benzene 

186 

l-Br-8-NO a 

piperidine 

benzene 

521 

2-Br-l-NO a 

MeO—; EtO 

MeOH; EtOH 

188 


piperidine 

EtOH, benzene 

188 



piperidine 

395 

l-Br-2,4-(N0 2 ) 2 

MeO"; EtO" 

MeOH; EtOH 

189, 190 


nh 3 

MeOH 

520 


piperidine 

EtOH; benzene 

186, 189, 190 


aniline 

EtOH; MeOH 

282,520 

l-Br-4,5-(N0 2 ) 2 

MeO"; EtO" 

MeOH; EtOH 

189, 190 


piperidine 

EtOH; benzene 

186, 189, 190 


(i continued) 
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Table 49. ( continued ) 


Naphthalene substrate 

Reagent 

Solvent 

Ref. 

1-1-2-N0 2 

piperidine 

piperidine 

395 

2-I-l-NO a 

piperidine 

piperidine 

395 

1-1-2,4-(N0 2 ) 2 

nh 3 

MeOH 

520 


aniline 

EtOH; MeOH 

282, 520 

i-no 2 

Me 2 ©SOCH 2 Q 

DMSO 

418 

1,3-(N0 2 ) 2 

MeO- 

DMSO; acetone 

226 

l-0H-2-N0 3 

KOH 

MeOH 

243 

l-OMe-4-NO a 

KOH 

ROH 

243 

2-0Me-I-N0 2 

KOH 

ROH 

243 

1 -OMe-2,4-(N 0 2 ) 2 

ROH + KOH 

“ROH benzene 

243 


MeO~ 

DMSO 

226 

1 -S0 a Ph-4-0Me-2-N0 2 

aniline 

aniline 

344 


nh 3 

EtOH 

344 

l-S0 2 Ph-2,4-(N0 2 ) 2 

MeO- 

MeOH 

344 


piperidine; arom. 




amines 

dioxan 

344 


thiophenols 

dioxan 

344 

anthracene 




substrate 




9-N0 2 

MeO- 

DMSO 

226 

9-OMe-10-NO 2 

MeO- 

DMSO 

226 


« R = alkyl. 


For X = Cl, Br or I the 2-X-isomer has a lower reactivity in 
piperidino-dehalogenation 182 - 184 - 188 ' 180 ’ 305 . This effect is ascribed 
mainly to the (extra) steric hindrance by the hydrogen in 8-position 
which forces the 1-nitro group out of the ‘aromatic plane’ and thus 
lowers its activating power (cf, section III.6). However, this view is 
not always supported by experiment 520 . According to Simonetta 
and Favini 185 electronic effects also decrease the reactivity of the 
l-N0 2 -2-X-isomer. For mononitronaphthalenes the order of re¬ 
activity (X = Br or Cl) for reactions of MeO , EtO~ and piperidine 
in methanol or ethanol is given by Beltrame and Simonetta 188 as: 

l-X-2-N0 2 > l-X-4-NO a > l-NO a -2-X 

while for piperidine in benzene the sequence is: 

l-X-2-NO a > 1-N0 2 -2X » l-X-4-N0 2 
l-X-2 NO a > l-X-8-NO a 


and 621 
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There is a strong ortho effect analogous to the built in solvation 
effects for the benzene compounds for reactions with prim, or sec. 
amines. 



Introduction of a second nitro group shows a strong increase of re¬ 
activity for the l-X-2,4-dinitro isomers, similar to the benzene 
series. However, a second nitro group for instance in the 5-position, 
i.e. l-X-4,5-dinitronaphthalenes, gives an increase of only 5- to 30- 
fold 189 . Similar findings are reported by Elias and Parker 282 . 


2. Displacements in heterocyclic nitrocompounds 

Nucleophilic substitution in heteroaromatic compounds has been 
reviewed recently in an excellent way by Illuminati 14 . Sheperd and 
Fredrick 16 and by Mertel 523 . A hetero atom introduces a strong 
perturbation in the electron densities as compared with the homo¬ 
aromatic system 87 . In pyridine systems for instance the nitrogen 
atom exerts a strong activation. Thus pyridine behaves in many 

aspects analogous to nitrobenzene 624 . This activation is enhanced 154 

© © © 

in the A-oxide (>N—O) and even more by >N—Me. The role of 
the nitro group as an activating substituent is somewhat less prom¬ 
inent in a pyridine- than in a benzene ring. 

Apart from a structural difference of the aromatic molecules the 
anilino-dechlorination of 3-nitro-6-chloropyridine by a number of 
substituted anilines gives a Hammett relation with a p-value fully 
comparable to the values found in the homocylic series 81 (section 
III.5). 

The orthojpara reactivity ratio for displacement of halogen from 
the ortho- and /lara-position are similarly comparable 81,82 (section 
II.2). The leaving aptitude of halogens is also similar to that for the 
homocyclic series 625 . Nitro groups are easily displaced from hetero¬ 
cyclic systems 154,177,526,627 . The rates for mononitropyridine and for 
dinitrobenzene compounds do not differ appreciably 82 . This result 
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also follows on comparing the energy of activation for the replace¬ 
ment of chlorine 84 : 



no 2 

E kcal: 12.4 12.0 12.2 

Cl Cl Cl 



no 2 


Mariella and coworkers 528 report the development of colors in 
the reactions of alkoxides with halopyridines presumably associated 
with intermediate complexes as also noticed with analogous homo- 
cyclic compounds. 

Nucleophilic substitution in pyridines is catalyzed in acidic 
media 387 and this has been ascribed to exalted activation by proton¬ 
ation of the N-atom (equation 52). 



Amino-dehalogenations from 4-halo-5-nitropyrimidines are easily 
effected 529 ^ 531 . Nucleophilic displacements from quinolines 532,533 , 
pyridines 14,16,523,527 ' 534,533,535 and pyridine- and quinoline-N-ox- 
ides 538 533 have been studied by several authors. 

VI. NUCLEOPHILIC PHOTOSUBSTITUTION 
I. Photochemical displacement of aikoxy groups 

About 13 years ago it was discovered 266 by chance that an alkaline 
solution of w-nitrophenyl phosphate is hydrolyzed in light much 
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more rapidly than in the absence of light. A similar effect is found 
for m-nitroanisole. The aryl-oxygen bond is broken as shown by a 
tracer experiment 272 (equation 53). 



0.01 N ‘"OH© 
hv 


> 



+ CHjOH 


(53) 


Closer U.V.-spectroscopic investigation at various time intervals 
(cf. Figure 6) shows four isosbestic points, an impressive illustration 



*■ X in mjj. 

Figure 6 . Absorption spectrum of m-nitroanisole in 0.010 iVTSTaOH in water during 
irradiation with light of X = 313 /tm. 

of the absence of aromatic byproducts, the sole reaction products 
being m-nitrophenol and methanol. A remarkable feature in these 
photochemical reactions is the specific meta activation, in contrast 
to the known orthojpara activation of the nitro group in ordinary 
‘dark’ reactions (cf. section II. 1). The difference in ‘light’ and ‘dark’ 
activation by the nitro group is demonstrated elegantly in the selec¬ 
tive hydrolysis of 4-nitroveratrole 268 (equation 54). 

Recently Havinga 269 has reviewed the photochemical reactions of 
nitrophenyl esters (phosphates 266,539-641 and sulphates 266 ), and 
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nitrophenyl ethers (methyl 288 ' 540 ), ethyl 268 , propyl- 268 , allyl 271 , and 
triphenyl 268 ) with a variety of nucleophiles (OH 0272 , H 2 0 272 , 
CH 3 NH 2 273 ’ 276 , (GH 3 ) 2 NH 273 , and HCl 542 . Introduction of one 
more nitro group at any position in m-nitroanisole favors the 
quantum yield <j >, all (four) dinitroanisoles undergoing photohydrol¬ 
ysis in alkaline medium with <j> = 0, 30 — 0, 45 268 . 

Photosubstitutions of wz-nitrophenyl esters and ethers show the 
following characteristics 269 • 539 - 540 : 

(1) Oxygen has little or no influence, therefore a homolytic reaction 
seems highly improbable. 

(2) The temperature coefficient is negligible. 

(3) The degree of conversion is proportional to the amount of light 
absorbed by the substrate, and the reaction is zero order in 
ester or ether. 

(4) With m-nitrophenyl sulphate the quantum yield is constant in the 
pH range 2-14. Protonation or deprotonation is therefore not 
essentially involved. 

(5) Over a broad spectral region quantum yields are practically 

independent of the wavelength e.g. <f> = 0.20-0.22 from 
250-350 for the photohydrolysis of m-nitroanisolc in 

0.010 JVNaOH solution 269 . At longer wavelengths quantum 
yields decrease. 

Particularly these last observations suggest that photosubstitution 
takes place via a n —>-7r* excited singlet state 543 . Theoretical cal¬ 
culations 265 for m -nitro isomers have shown that in the first excited 
state (S 1 ), the positive charge density at the carbon atom carrying 
the ether or ester function is considerably higher than in the ground 
state (G) or the second excited state (S 2 ). This renders the first 
excited state of m-nitroanisole, (corresponding with A max = 330 /mi 
in the U.V. spectrum of Figure 6 at t = 0) highly susceptible to 
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G S 1 S 2 


nucleophilic attack. In a crude but convenient symbolism the 
photochemical reaction can be depicted as in equation 55. 



That light of shorter wavelength is photochemically equally active 
can be explained by radiationless transition from the second excited 
singlet state (/l max = ~274 «m) to the first. The decrease of quan¬ 
tum yields at wavelength >350 urn is also logical because in this 
region the n tt* transition becomes important, and this leads to a 
lower excited state, with charge distributions unfavorable for 
nucleophilic attack. The short life time of the first excited singlet 
State of m-nitroanisole (10 _7 -10~® sec) is probably compensated by 
its high reactivity. A rough estimate at least indicates that collision 
frequencies are high enough to allow reaction of the excited sub¬ 
strate with a nucleophile, provided it is present in sufficiently high 
concentration. For instance it has been found that concentrations of 
10 _1 molar or higher are required for nucleophiles such as methyl- 
amine and pyridine whereas for hydroxyl ions with their greater 
mobility, concentrations of 10 -2 molar are sufficient for optimum 
quantum yields. 

2. Photochemical displacement of halogen 

Because halogens are displaced more easily in nucleophilic 
aromatic substitutions than alkoxy groups it might be expected that 
3-nitrohalobenzenes are suitable substrates in photochemical sub¬ 
stitutions. Experimentally however, no photosubstitution by hy¬ 
droxyl ion has been observed 274 with 3-nitrobromobenzene or with 
3,5-dinitrobromobenzene. This may be associated with the tendency 
of bromo compounds to promote transitions to (unreactive) triplet 
states. 
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On the other hand in 2-chloro- and 2-bromo-4-nitroanisoles the 
halogen atom can be replaced by a hydroxyl group in 44-48 % yield 
upon irradiation 274 . U.V. spectra at various degrees of conversion 
show again isosbestic points. So far this seems the only instance in 
photochemical nucleophilic halogen displacement. 


3. Photochemical displacement of nitro groups 

When /i-nitroanisolc is subjected to photohydrolysis in a weakly 
alkaline medium only small amounts of /;-nitrophenol are formed, 
the main product being />-methoxyphenol (product ratio 1:4) 639 . 
Apparently hydroxyl ion replaces the nitro group in preference to 
the methoxy group (equation 56). In somewhat stronger alkaline 
solution (0.1 N) Havinga et al. have noticed formation of oxydation 
products 271 . This complication is absent in the reaction of p- nitro- 

MeO—<( (^^ )—N0 2 > MeO——OH (56) 

anisole and /miitrophenyl phosphate with pyridine 640 . This nucleo¬ 
phile acts highly selective with exclusive displacement of the nitro 
group thus yielding an arylpyridinium nitrite as the sole product 
(equation 57). 

Letsinger 540 has argued that 7 is an important resonance hybrid 
for the excited state of /j-nitroanisole in accordance with molecular 
orbital calculations 644 . 
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This mechanism differs from conventional nucleophilic displace¬ 
ments in that the bonding pair of electrons between the nitro group 
and the aromatic ring returns to the ring rather than departing with 
the leaving group. 

Under the same conditions photoexcited p -nitro phenol does not 
undergo substitution by pyridine, and this has been ascribed to the 
net negative charge of the excited phenoxide ion, which would 
lower its electrophilic character. Interestingly isoelectronic 4- 
nitropyridine N-oxide with no net charge has been reported to lose 
nitrite ion with piperidine 646 , in a process accelerated by light. In 
photochemical displacements of nitro groups by pyridine an electron 
donating /mra-substituent is essential, no photochemical reaction 
being observed with nitrobenzene, jfr-dinitrobenzene or m-nitro- 
anisole. 

There is no certainty whether this lack of reactivity is caused by 
unfavorable charge distribution in excited states or by a substituent 
effect on the lifetimes of excited states. With kinetic and spectral 
data Gold and Rochester 196 ^ 204 showed that the photoinduced 
liberation of nitrite ion from /nnitroaromati cs such as methyl 
picrate, picric acid and picramide in methanol solutions of sodium 
methoxide, and from trinitrobenzene in aqueous solutions of sodium 
hydroxide, involves formation of a 1:1 complex. On absorption of 
light this—and not the excited trinitroaromatic—reacts with a 
second equivalent of base. In reactions of OToreonitroaromatics with 
pyridines there are no indications for reactions between substrate 
and nucleophile prior to photoexcitation. 

Irradiation of 2,4,6-trinitrotoluene 546 and 1,3,5-trinitrobenzene 547 
effects changes in the UV and ESR spectra of these compounds, 
but nothing is known about the chemical changes which these mole¬ 
cules have undergone. 


VII. REARRANGEMENT REACTIONS 
I. Smiles rearrangement 

The Smiles rearrangement can be regarded as an intramolecular 
nucleophilic aromatic substitution as shown in equation 58. 

The atoms on the bridge between X and Y are often part of a 
second aromatic nucleus but can also belong to an aliphatic chain. 

As the scheme suggests, X should be a good leaving group and 
Y e (or YH) a nucleophile. These requirements are illustrated in 
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the typical rearrangement—discovered by Smiles 548 —of a diaryl- 
sulfone (X = S0 2 ) suitably substituted by a hydroxyl group 



(=YH) and a nitro group. The main product is a sulphinic acid of 
a nitro substituted diphenyl ether (equation 59). 

Naturally one can expect that the hydroxyl ion, present in 
solution competes intermolecularly with the intramolecular ac¬ 
tion of the phenoxide ion fragment. However, such competitive 
hydrolytic cleavage can be largely suppressed (<5%) in a medium 
of aqueous dioxan, which lowers the nucleophilic reactivity of 
hydroxide ion 65 . The yields of the ordinary rearranged product 
under such conditions often exceeds 90 %. 

A similar reaction is found with the nitro group in para-position, 
and in fact there are few Smiles reactions with other electron 
attracting groups than the nitro group. On the other hand X and 
Y have been varied widely. Bunnett 1 has reviewed the subject and 
indicated that the ‘leaving’ group X may be SO a , SO, S or O, and 
the attacking group YH may be OH, SH and NH 2 (or a substituted 
amino group (cf, also reference 549). The rearrangement is ac¬ 
companied by striking colour-changes from deep-red to pale-yellow. 
It is likely that Meisenheimer-type intermediates like 8 are (partly) 
responsible for this effect. 

When the nucleophilic activities of X - and Y e are comparable, 
the rearrangement becomes reversible. For instance the sulphinic 
acid with methyl groups at positions 5 and 6 550 is converted back into 
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a phenol in weakly acidic medium (pYi = 5) at which the sulphino 
but not the hydroxyl groups are ionized. In alkaline medium the 
‘normal’ Smiles rearrangement prevails. In buffers with inter¬ 
mediate />H-values both components are in equilibrium and the 
composition of the mixture is determined by the />H of the medium. 

Most Smiles rearrangements require alkali in order to convert the 
group YH into the more nucleophilic Y~. This does not only apply 
to aromatic hydroxyl groups but also to amino groups because the 
nucleophilic properties of the undissociated amino group are very 
weak when a strong electron-attracting neighboring group X 
(e.g. SO a ) is present (equation 60). 



95-100% 


However, when X is less electron-attracting (e.g. X = 0) as in 
diarylethers, rearrangement can be effected by the free amino group 
without activation by alkali 551 (equation 61). 



As expected, the presence of a second nitro group promotes 
rearrangement. 

Far more dramatic substituent effects on rates have been noted 
by Bunnett 64 in the rearrangement of certain diaryl sulphones 552 
(equation 62). 



Substituents R (methyl, chlorine or bromine) in the 6-position 
accelerate the rearrangement a million-fold as compared with the 
rearrangement rates of the isomeric 4-substituted sulphones. Since 
electronic effects are roughly equivalent in these positions, the 
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effect is likely to be steric. The enormous effect can be understood 
by a consideration of rotational conformation 9 and 10. 


NO, 


NO, 



PC/® ® 

(9) (10) 

Limiting conformation 9 is prerequisite to rearrangement because 
it brings the O e -group at a minimum distance of the carbon atom 
which must be attacked. 

In conformation 10 this distance is larger and the O e -group 
remains idle. Steric interaction between R and the nitrated ring 
will raise the energy of this latter conformation and thus favor the 
relative population of conformation 9, the more so when R becomes 
bulkier. Consequently rearrangement occurs faster when hydrogen 
in the 6-position is replaced by (any) other groups. 

As noted earlier, the bridge between the ‘leaving’ group X and 
the attacking group Y e is not necessarily part of an aromatic ring 
but can also be aliphatic as exemplified in equations 63-64 653 ~ 555 . 


(63) 




(64) 


C,H, 


An interesting variation on this theme with a C—N bridge instead 
of a C—C bridge was found by Backer 556,567 in the smooth alkaline 
fission of nitrobenzenesulphonyl guanidines (equation 65). 



95% 
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The final product in its tautomeric form is seen to arise formally 
by expulsion of SO a from the starting material. 

A nearly quantitative double Smiles rearrangement takes place 
when two j^-nitrobenzenesulphonyl groups (Ar) are present in 
guanidine (equation 66). 


N—SO a Ar 


C—NHo 

/ 


so 2 

Ar 


N—SO.>H 

ii 


2N NaOH 

/ 

HN 

| 

1 

H 

a) -SO. 

-- ^ 

100°; 2 min, 

SO., 


b) Smiles 


1 " 
Ar 


reaction 


( 66 ) 


NH 


G— N —Ar 


HN 


/ 


Ar 


OoH 



/ 


C. + HNAr., 


H,N 


98% with Ar = 



Because the starting material is easily obtained from a sulpho- 
chloride and guanidine this has been claimed as a convenient route 
to nitrated diphenylamines of high purity. The corresponding urea 
derivatives undergo similar rearrangements, but yields are less 
favorable. 

Smiles rearrangements also occur in heterocyclic systems 568 . 


2. The von Richter reaction 

The von Richter reaction involves the removal of an aromatic nitro 
group by heating with alcoholic potassium cyanide and the intro¬ 
duction of a carboxyl group as shown most simply in the conversion 
of nitrobenzene into benzoic acid 52 (equation 67). 

KGN in glycol 

C b H.NO„ -> C.H.COOH (67) 

190-200° b 3 

20 % 

More revealing is the earliest example described in 1871 by von 
Richter 669,660 with halogen substituted nitrobenzenes. Surprisingly 
/j-bromonitrobenzene yields m-bromobenzoic acid and it is equally 
surprising that there is little nucleophilic halogen displacement by 
cyanide ion (equation 68). 


Br Br 



no 2 


22% 
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Similar conversions are possible with chloro- and iodonitrobenzenes 
and in all cases it has been found that the carboxyl group occupies a 
position ortho to the position originally taken by the nitro group. 
Accordingly from m-bromonitrobenzene a mixture of o- and p- 
bromobenzoic acids is obtained 52 669 560 . 

Von Richter reactions with similar displacements in other nitro- 
aromatics include some dibromonitrobenzenes 52 , nitroanisoles 52 , 
m-nitrobenzenesulfonic acid 52 ' 861 and 2-nitronaphthalene 562 . Bunnett 
and coworkers investigated the effect of various substituents 62 and 
improved reaction conditions 86 . A large excess of potassium cyanide 
in refluxing 48% aqueous ethanol was found to give an optimum 
conversion of /j-chloronitrobenzene into m-chlorobenzoic acid 

(42%). 

Kinetic studies which played an important role in the establish¬ 
ment of the mechanism of nucleophilic halogen displacement are not 
feasible for a reaction with such low yields. The complicated mecha¬ 
nism of the von Richter reaction had to be elucidated along other 
routes a.o. careful product analysis and tracer studies. 

The following observations, made by Bunnett 62 and coworkers 
are significant: 

(a) the carboxyl group appears without exception ortho to the 
position vacated by the nitro group. 

( b ) experiments with selectively deuterated compounds show that 
hydrogen from hydroxylic solvents is incorporated in the 
aromatic nucleus. 

(c) the benzoic acids obtained are not formed via the corresponding 
nitriles or amides, because these resist hydrolysis under the 
reaction conditions. 

( d ) nitrite ion is a byproduct. 

These and other observations led Bunnett to the following inter¬ 
pretation (equations 69—70). 

It is seen that the hydrogen introduced at the position vacated by 
the nitro group is derived from the solvent, 15 -> 17. A further 
consequence of this mechanism is that one oxygen in the carboxyl 
group of the final product is derived from the solvent while the other 
oxygen comes from the original nitro group. This has been sub¬ 
stantiated by Samuel 863 in a study of the von Richter reaction in an 
alcohol-water solvent enriched with ls O. Although this mechanism 
explains adequately the formation of some nitrite anion, the Bunnett 
mechanism does not account satisfactorily for the fate of the two 
nitrogen atoms from the cyano and nitro group. 
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Rosenblum 564 reinvestigated the von Richter reaction with p- 
chloronitrobenzene and found that nitrogen gas, hitherto undetected, 
is liberated in amounts nearly equivalent to the yield of m-chloro- 
benzoic acid. This nitrogen gas cannot be derived from reaction of 
ammonia (from the hydrolysis of 13) with nitrite ion (from the 
hydrolysis of 17), for when the reaction is carried out in the presence 
of 15 NH 3 , the nitrogen gas liberated remains unlabeled. Nevertheless 
one of the two nitrogen atoms in the evolved nitrogen gas must arise 
from the nitro group as demonstrated by reaction with 16 N-labeled 
/)-chloronitrobcnzcnc. The remaining nitrogen must then be derived 
from the cyanide ion, but via a reaction path not involving ammonia. 
These findings led Rosenblum to the following modification of the 
Bunnett mechanism (equation 71). 



594 


Th. J. de Boer and I. P. Dirkx 


R R R 



e 


The intermediate dianion 19 is speculative and seems not necessary 
to explain the formation of the amide 21 as pointed out by L’Ecuyer 565 . 
The latter might well result from isomerization of the imide 12 
proposed by Bunnett. More essential is the new intermediary 3- 
indazolone 14. The compound (with R = H) has been synthesized 
by Ullman and Bartkus 566 by low temperature oxidation of a suitable 
dihydroderivative. When added to a solution of sodium cyanide in 
aqueous ethanol nitrogen evolution is instantaneous and benzoic 
acid is obtained in a yield of 80 %. No phenol or phenetole is found 
among the reaction products, indicating the absence of benzyne 
type intermediates in accordance with the absence of benzyne- 
derived products from the von Richter reaction. All these findings 
are in agreement with the reaction sequence proposed by Rosenblum. 
They do not rule out the possibility that the Bunnett scheme is valid 
to some extent, which could account for small amounts of nitrite 
ion. 

That there are still other routes from nitro compounds to car¬ 
boxylic acids is also apparent from investigations by Cullen and 
L’Ecuyer 667 . These authors isolated from nitronaphthalenes reduc¬ 
tion products with high molecular weight and uncertain structure, 
but with the property of yielding von Richter type products upon 
treatment with alcoholic solutions of cyanides. Reduction products 
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(azo- and azoxy products) have also been found in the benzene 
series, but these remain unchanged under the conditions of the von 
Richter reaction and are therefore no intermediates. 


3. Ring enlargement of polynitroaromatics 


At the turn of the century Heinke 568 and von Pechmann 669 
noticed that diazomethane reacts rapidly with 1,3,5-trinitrobenzene 
and its derivatives with at least one hydrogen at the benzene nucleus 
e.g. trinitrotoluene, picric chloride, picric acetate and (less easily) 
trinitroxylene. Trinitromesitylene does not react and neither do 
mono- and dinitrobenzene. In the authors laboratory 670 - 878 it was 
found that three (and no less) methylene groups can be introduced 
into l,3,5-trinitrobenzene(TNB) by reaction with three equivalents 
of diazomethane. The structure of the stable product 25 has been 
established by spectroscopy and oxidative degradation. Its formation 
is explained with the following reaction sequence (equation 72). 




(25) 




(35% yield) 


(26) 

The first step is a nucleophilic addition of diazomethane to trinitro¬ 
benzene. The intermediate Meisenheimer type complex 23 has been 
assumed because on mixing of the reacting components the ethereal 
solution becomes deep red. Although the colour might also be associ¬ 
ated with a charge transfer complex, intermediate 23 is a logical 
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prerequisite to the norcaradiene 24. It is well known that this 
system rearranges easily to a cycloheptatriene 576,577 which in the 
present case contains three aliphatic nitro olefinic fragments, two 
of which react so quickly with diazomethane to form cyclopropane 
rings, that all attempts to isolate 25 have failed. With molar ratios 
TNB/CH 2 N 2 == 1:1 or 1:2, only 26 is found together with unchanged 
TNB. With a large excess of diazomethane (e.g. molar ratio 1:4) 
the double bond in 26 is also attacked, but this does not introduce a 
third cyclopropane ring: it leads—probably by 1,3-dipolar addi¬ 
tion 678 ^ 681 —to a stable pyrazoline 27, which has the same properties 
as the product isolated exclusively in earlier investigations 568 ' 569 
(equation 73). 


NO., 


CH.N.i 

26 -► 


O..N- 





gh 2 _ n 

II 

-N 


NO., 


( 27 ) 


( 73 ) 


The various reactivities of the double bonds in the intermediary 
cycloheptatriene derivative 25 have been the subject of theoretical 
calculations 582 . 

Charge delocalization in intermediate adducts seems to favor 
loss of nitrogen and consequently cyclopropane-formation e.g. 
in the addition of the second molecule of diazomethane (equation 74). 



On the other hand if charge delocalization is less effective—as in 
the attack of isolated nitro olefinic bonds—the betainic intermediate 
is probably not formed at all and 1,3-dipolar attack of diazomethane 
leads directly to a pyrazoline. This is confirmed by the types of 
product obtained from diazomethane with picric acid 583,584 . 

Phenyldiazomethane gives similar reaction products with sym. 
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trinitrobenzene as diazomethane. With more reactive diazoalkanes 
such as diazoethane and diazopropane (‘dimethyldiazomethane’) 
derivatives are obtained not only from cycloheptatriene but also from 
norcaradiene 585 . Apparently the more reactive diazoalkanes attack 
the norcaradiene in competition with its isomerization to a cyclo¬ 
heptatriene. The complicated reaction mixtures consist mostly of 
pyr azolines. 


Other rearrangements 

Many reactions that proceed via carbanions (in or before rate 
determining steps) are strongly promoted by nitro groups in the 
substrate. A striking example is the benzilic rearrangement of some 
nitrophenanthra-9,10-quinones. 

Like benzil these diketones rearrange to salts of a-hydroxy acids. 
In the absence of nitro groups, strong alkali and elevated temperature 
are required. However, nitrophenanthrene-9,10-quinones react 
under far less drastic conditions with dilute bases at room tempera¬ 
ture 586 (equation 75). 



0H C 


( 28 ) 



( 75 ) 



Proton transfer within the ion 30 gives the salt of an a-hydroxy acid. 
If the quinone system is taken as part of the whole aromatic phen- 
anthrene structure, this type of reaction must be considered as a 
nucleophilic aromatic rearrangement. The nitro groups render the 
carbonyl groups highly susceptible to nucleophilic attack by hydroxyl 
ion. 

The negative charge in the (hypothetical) intermediate anion 29 
is largely localized on oxygen by lack of mesomeric interaction with 
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the nitro groups, and this promotes the rearrangement. This effect 
is apparently more important than the (usually low) migratory 
aptitude of a nitro-aromatic fragment towards a carbonium-type 
center i.e. of the carbonyl group in 29. 
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I. INTRODUCTION 

Except in time of war when nitramines are exploited as explosives 
because of their high and rapid energy release they have been of 
little chemical interest in recent years. For this reason it is surprising 
to some that nitramines rate a separate functional-group classifica¬ 
tion in Beilstein’s Handbuch. Historical investigation shows that this 
prominence was deserved from 1885 until 1920. 

The first nitramino compounds were made by Peter Griess 1 but 
the structure of this functional group was first made known by von 
Romburgh 2 from his investigations of a substance made by Mertens 3 
by nitration of dimethylaniline. This substance is iV-picryl-yV- 
methylnitramine (TETRYL). Franchimont, who encouraged von 
Romburgh to continue the study of aromatic nitramines, investigated 
alkyl and acyl nitramines 4 and first isolated a primary nitramine. 
Great interest centered on the acidic properties of these RNHN0 2 
compounds especially by Bamberger 5 , Hinsberg 6 and Hantzsch 7 . 

The parent nitramine, N0 2 NH 2 , was isolated by Thiele and 
Lachman 8 and named nitramide, probably by analogy with 
chloramide. This name caused some confusion in nomenclature 
which was mentioned in Backer’s valuable, though now outdated 
review 9 and which has not yet been properly resolved. For purposes 
of this chapter the substance will be called ‘nitramine’ and its 
substitution derivatives will be named as nitramines or nitramino 
compounds. When the nitramino group is bonded to the carbon of a 
carbonyl group it becomes a nitramide. When the nitramino group 
is coupled by loss of water with a carbonyl it becomes a nitrimine. 
Variations of these three categories are listed as isonitramines, 
isonitramides and polynitrimines. These eight categories are 
examplified as shown at the top of page 615. 


II. PRIMARY NITRAMINES 

With a few exceptions involving aromatic amines 10-16 where the 
initial nitramine becomes the amino-nitro derivative by rearrange¬ 
ment or cross nitration) most primary amines cannot be nitrated 
directly by nitric acid. This seems to be due both to the relative 
instability of the monosubstituted nitrammonium ion (equation 1) 


H 


R—N—H + NO a +X e — 


H 

R—ll—NO, 

I 

H 


+ X fc 


( 1 ) 
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Type 

Example 

Formula 



H 

1. primary nitramine 

methylnitramine 

GH 3 —N—NO a 



O 

2. primary isonitramine 

tautomer of 1 

T 

GH 3 —N=N—OH 



O H 

3. primary nitramide 

nitrourethane 

II 1 

C 2 H 6 —o—c—n—no. 



no 2 

4. secondary nitramine 

dimethylnitramine 

CH 3 —N—CH 3 



o 

5. secondary isonitramine 

methyl methylisonitramine 

CH 3 —O—N=N—CH 3 



no 2 o 

1 ^ II 

6. secondary nitramide 

methylnitrourea 

CH 3 - N-G—NH 2 



H 

7. nitrimine 

furfuralni trimine 

C 4 H 4 0—C=N—NO a 

8. polynitrimine 

cyclonite 

(ch 2 =nno 2 ) 3 

Each one of this classification will be discussed in turn. 



and to the instability of the tautomeric isonitramine in acid (equa¬ 
tion 2). 

H O 

I f 

R—N—NO a -> R—N=N—OH -> N 2 0 + ROH (2) 

The earliest method of preparation, that of Franchimont and 
Klobbie 4 , involved the alkaline (better ammoniacal) hydrolysis of 
nitramides (equation 3); indeed this was the method by which 
Thiele and Lachman 8 obtained the parent, nitramine (so-called 
nitramide), and it enabled the preparation of methylnitramine and 

O NO, O N0 2 

| ^ HQ |j | ^ 

R—C- N R 1 ---> R—G—OH + H—N—R 1 (as the M-salt) (3) 

M®OH e 

many others of this homologous series. Obviously the reaction is 
dependent upon charge distribution. For this reason it is not sur¬ 
prising that the reaction applies also to the decompositions of some 
aromatic-aliphatic secondary nitramines 17 with ammonia or amines 
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+ h 2 n—c 6 h„ -► 



The classical method by which Bamberger 5 , Hinsberg 6 and later 
Thiele 11 formed primary nitramines involves oxidation of salts of 
diazotates by means of hypochlorite 12 , permanganate or (better) 
potassium ferricyanide (equation 5). 

O HO 

O "1 HX I "1 

R—N=N—OM -> R-N=N-OM -> R—N—N=0 (5) 


By contrast to electrophilic reactions in which a nitronium ion or 
some modification of it is involved, is the nucleophilic reaction of 
Angeli 13 in which a complex anion from ethyl nitrate and the 
deprotonated amine probably is involved (equation 6). 


ArNH 2 

+ 


EtNO, 

-> Na 

Et 2 0 


© 


Na H 2 


and 


FArNH 1 


© 


> 


LEtNOgJ 


O 

/ 

ArN—N—ONa 

+ 

EtOH 


( 6 ) 


Later the reaction was altered by Bamberger 14 by use of potassium 
ethoxide instead of the metal. In a further modification the alkali 
metal salt of the amine has been formed by use of butyl lithium 15 
prior to addition of ethyl nitrate. 

This reaction of Angeli is useful not only in the preparation of 
alkyl primary nitramines but also in order to prepare aromatic 
primary nitramines 16 (as the metal isonitraminate) which are prone 
to undergo the Orton rearrangement in acidic media. 

Perhaps the most important modification of the Angeli reaction 
has been effected by use of other than simple primary alkyl nitrates. 
In fact the revival of the Angeli reaction was brought about by 
Emmons and Freeman 17 . They used cyanohydrin nitrates from 
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acetone or cyclopentanone 
R 2 C=0 + HC=N 


CN 


C=N 


H 


ACgO ■ I 

-> R—G—R R- C R 

| hno 3 | 

OH NO, 


(7) 


R—N—NO a + HGN+ 1^0=0 ■<- 


RNH, 


and first elucidated the reaction presented in equation (7). Their 
method is wasteful since the base in their systems is derived from an 
excess of the amine. It may be expected that their reaction will be 
improved by use of metal salts. 

Although nitrogen pentoxide is commonly considered as a source 
of nitronium ion it is probable that its reaction in ether or carbon 
tetrachloride, like that of nitryl chloride 18 , is similar to the Emmons- 
Freeman modification of the Angeli reaction. The poor yields would 
seem to be due to insufficient excess of amine. Undoubtedly the 
better yields when nitryl fluoride is added to ammonia or a primary 
amine 19 are due to the excess of the latter substances throughout most 
of the reaction. 

A relatively unimportant method for low-yield preparation of 
primary nitramines has been reported by Berg 20 (equation 8). 

H H 

RN—Cl + AgN0 2 -> R—N—N0 2 + AgCl (8) 

The low yield would be expected in view of the instability of mono¬ 
chloramines. On the other hand dichloramines 1 have been found 
to be nitratable to give good yields of organo-chloronitramines 2. 
These compounds are readily reduced to the primary nitramines by 
use of sodium bisulfite. This series of reactions thus provides a 
relatively recent method for synthesis of primary nitramines 21 
(equation 9). 

HOGl HNO, NaHSO. 

RNH 2 ->- RNC1 2 -U>- RNCl(NO a ) -> RNHNO a (9) 

( 1 ) AC2 ° ( 2 ) 

The reaction, which is of general applicability with aliphatic 
amines gives high yields with normal alkyl amines. The yields are 
less satisfactory from secondary alkyl amines because of a side- 
reaction which forms a nitrimine by loss of hydrogen chloride. 

In respect of physical properties the primary nitramines convey 
some characteristics of the nitro group. The substances are liquids or 
low-melting solids. The nitramino group, as such, absorbs strongly 
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at 225-240 mu. i? max is about 7000 for primary nitramines by contrast 
to about 5500 for secondary nitramines. The nitramino group is 
transparent in the visible region, but it absorbs characteristically at 
about 6.6, 7.8, 8.9 and 13.2 microns. In common with C-nitro and 
O-nitro the TV-nitro group increases the density of substances in 
which it exists as a substituent. For example compare 1,2-diamino- 
ethane (d t 0 0.914) with 1,2-dinitraminoethane (d 23 28 1.696) to which 
the amine can be converted 21 . The explosibility of the lower nitra¬ 
mines are due to high energy release and high density; these sub¬ 
stances should be handled with caution. 

The most significant chemical property of the primary nitramines 
is acidity. They are weaker than the corresponding carboxylic 
acids but they differ from the latter because the dissociation con¬ 
stants of the primary nitramines are strongly temperature-dependent. 
Hantzch 22 found that the dissociation constant of methylnitramine 
changed from 0.30 X 10 5 at 0° to 0.72 X 10~ 5 at 25° and 0.86 x 
10 -5 at 35°. The same behavior was observed by Euler 23 for phenyl- 
nitramine. His results have been combined with that of Hantszch 24 
to show that this stronger acid changes from 12.4 x 10~ B at 0° to 
13.4 x 10~ 5 at 10°, 18 X 10 ~ 5 at 20°, and 23 X 10- B at 25°. 
Hantzsch considers this behavior as partial evidence for pseudo-acid 
equilibria. The pseudo form is thought to be the nitramine and the 
aciform that of the isonitramine (equation 10). 

O 

/ 

RNHN0 2 . : v . RN=N (10) 

^OH 

The salts of primary nitramines have been presumed to involve the 
aci (isonitramine) form. On the basis of this assumption a comparison 
has been made between the X-ray diffraction analysis of 1,2-dinitra¬ 
minoethane 25 and that of its disodium salt 26 . A comparison of bond 
lengths and angles found for the dinitramine (bracketted) and its 
sodium salt (unbracketted) are shown in Figure 1. 

It may be seen that although the two nitrogen-oxygen bonds 
are longer in the disodium salt than in the nitramine they are, 
surprisingly, equal in length. Many of the bond angles are different 
and this is no doubt due to the difference in the nitrogen-nitrogen 
bond lengths in the acid and its sodium salt. Perhaps more significant 
is the fact that in the salt the sodium atom is closer to oxygen than 
to nitrogen. However, the difference is not sufficiently great to 
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Figure 1. X-ray diffraction analysis of 1,2-dinitroaminoethane and its sodium salt. 


justify the separate structural designations of nitramine and iso- 
nitramine*. Of course it must be realized that the organization in 
the crystal has no direct relationship to the circumstance in solution. 
X-ray diffraction studies contribute much to a knowledge of chemicals 
but very little to a knowledge of chemical reaction. 

III. PRIMARY ISONITRAMINES 

The possibility of an equilibrium between a primary nitramine, 
RNHNO a , and the tautomer called the isonitramine, RN —NOOII, 
has been considered throughout the history of nitramines. Franchi- 
mont believed that acids displace the equilibrium in favor of the 
isonitramine especially with increasing temperature; he could 
explain in this way the instability of primary nitramines toward 
mineral acid (equation 11). 

RNHNOj ' RN=NOOH -> ROH + N a O (11) 

Hantszch 7 on the other hand considered (by analogy with the 
nitroalkanes) that the isonitramine was formed only in alkaline 

* Also called an aci-nitramine by Hantzsch and an iminonitronic acid by Bamberger 
but not to be confused with Traube’s so-called isonitramines which are, instead, nitro- 
sohydroxy lamines. 
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solution, but he had no real proof for this postulation. However, a 
proof that one nitramine exists in two isomeric forms has been 
demonstrated by Orton 27 . He acidified an alkaline solution of 2,4- 
dibromo-6-nitrophenylnitramine. The original precipitate, pre¬ 
sumably the isonitramine, is colorless but it soon turns into the yellow 
nitramine. 

The identity of the nitramine-isonitramine system has also been 
sought by reaction with diazomethane, a reagent that is said to 
react more readily with the hydroxyl than with the imino group. 
However, the meagre results have been in question 28,29 since methyl- 
nitramine gives exclusively iV-methylation while phenylnitramine 
affords only some JV-methylation and principally O-methylation. It 
is of interest that no one has seriously questioned the structure of 
phenylnitramine as a unique species. 

A different aromatic nitramine, 2-nitraminothiazole, with diazo¬ 
methane gives a quantitative yield of A-mcthyJated product. On 
the other hand in alkaline solution this reactant, 2-nitramino¬ 
thiazole 30 may have formed some of the secondary isonitramine 
when the sodium salt (readily formed by treatment with aqueous 
sodium bicarbonate) was treated with dimethyl sulfate, because the 
product, A-methylnitraminothiazole was obtained in lower yield 
(85%) and purity than is observed with diazomethane. It may be 
assumed that there is attack at nitrogen and at oxygen in the 
‘nitraminate’ ion. 

Although there is little doubt about the primary nitramine- 
isonitramine tautomerism it is doubtful that Hantszch’s pseudo¬ 
acidity is applicable. In alkaline solution the reacting species is 
probably the anion which, as a resonance hybrid, is neither of the 
tautomers although it will react, say with dimethyl sulfate, to give 
derivatives of both. For example, the products from 1,2-dinitra- 
minoethane 26 (as its sodium salt 3) are compounds 4 and 5 (equa¬ 
tion 12). 

no 2 O 

(CH 2 -N 2 0 2 Na) 2 > (CH 2 N CH 3 ) 2 + (CH^—N=N—OMe) 2 (12) 

INsHLif/g 

(3) (4) (5) 

The product ratio, three of 4 to one of 5 cannot of course be pre¬ 
sumptive of nitramine-isonitramine ratio because the ‘nitraminate’ 
ion is involved. 

An unexpected reaction of primary nitramine occurs with nitrous 
acid; diazotization occurs. The reaction suggests initial hydration of 
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the nitramine to give the analogous organo-ammonium nitrate 
which subsequently is diazotized. When methylnitramine is treated 
with nitrous acid the expected product, methanol, is obtained 
together with dimethylnitramine and the isomeric isonitramine 31 . 
These byproducts indicate the transient existence of methyldiazotic 
acid and its dehydration product, diazomethane, which presumably 
reacts with the original nitramine and its isomer (equation 13). 



Because of the relative stability of aromatic diazonium salts they 
are the principal, oftentimes quantitative, products from treatment 
of substances like phenylnitramine 32 with nitrous acid. Sometimes it 
is more convenient to obtain the diazonium salt from the primary 
nitramine than from the amine. For example 5-nitro-2-amino- 
thiazole ( 6 ) may be obtained by nitration of 2-aminothiazole ( 7 ) 
but the product is likely to be contaminated with 2-nitroamino- 
thiazole (8) which is involved in an intermediate step 30 *. On the 
other hand 2-nitramino-5-nitrothiazole ( 9 ) is prepared easily and 
in good yield of high purity. Consequently it is advantageous to 
obtain 5-nitrothiazolediazonium salt ( 10 ) by treatment of the 
nitramine 9 rather than of the amine with nitrous acid (equation 14). 



* This nitramine is wrongly specified as 2-amino-5-nitrothiazole in the experimental 
part of this report. 
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Although the conversion of 9 to 10 has been referred to as a 
diazotization or a reduction, it would seem more reasonable to 
consider it as an intra-ion exchange between 5-nitrothiazolyl- 
ammononitronium ion (9 plus a proton) and 5-nitrothiazoyl- 
ammonitrosonium ion, 11 . This interpretation is supported by 
evidence that the ostensible rearrangement of 8 to 6 is not intra¬ 
molecular but, instead, is a bimolecular interchange of ammono- 
cooordinated nitronium ion (8 plus a proton) to sextet-cooordinated 
nitronium ion (6 plus a proton) 33 . 

The reaction of 9 with nitrous acid precludes the alternative 
isomers A 4 -thiazolinyl-2-nitrimine because, as will be shown later, 
nitrimines do not undergo this reaction. However, a better and 
very useful criterion for the presence of a nitramine group is the 
Franchimont test. Although Franchimont originally proposed this 
test for secondary nitramines and nitramides 31 it is useful as well for 
primary nitramines and nitramides. The candidate substance is 
dissolved in acetic acid to which is added one of many aromatic 
amines; the best is dimethylaniline. Subsequently a ‘messerspitze’ 
of zinc dust is added; too much is deleterious. The appearance 
of a green color, with dimethylaniline, is presumptive for a 
nitramine. 

As might be expected, primary nitramines are stable toward non- 
acidic oxidizing agents, but they are easily reduced. However, the 
product is seldom the hydrazine in good yield. Instead the overall 
reaction is that of scission at the nitrogen-nitrogen bond. For 
example, methylnitramine is converted by zinc in acetic acid to 
methanol. Alkaline reduction with sodium amalgam gives methyl- 
amine 34 . Reduction with aluminum in alkaline solution was the 
classical method 18 whereby Thiele obtained the salt of methylisod- 
iazotate. Finally methylhydrazine is obtained in very low yield 
when methylnitramine is treated with zinc in hydrochloric acid 36 . 
However, reduction of aromatic primary nitramines are somewhat 
more favorable. Phenylnitramine is converted to benzenediazotic 
acid by zinc and acetic acid 32,36 ^ 38 , but sodium amalgam converts 
it to phenylhydrazine. In both instances there is some fission at the 
nitrogen-nitrogen bond. 

The reduction of primary nitramines to hydrazines is a very 
unsatisfactory reaction. This is probably because the intermediate 
nitrosamine decomposes 84 (equation 15). 

Zn 

RNHNOo -> RNHNO -^ RN=N—OH -^ ROH + N, (15 

1 HOAc 2 
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But a few percent of hydrazines are sometimes obtained when zinc 
and hydrochloric acid are used 35 . Hydrogenolysis occurs at the 
nitrogen-nitrogen bond when sodium amalgam is used 18 but 
aluminum in alkaline solution gives the salt of methyldiazotic 
acid 30 (equation 16). 

A1 

R—NHNO a ^ > R—N=N—ONa (16) 

* NaOH ' 

The reaction is of the reverse of Thiele’s preparation of alkyl- 
nitramines by ferricyanide oxidation of the alkyldiazotic acid salts, 
which he made by nitrosation of alkylhydrazines 39 (equation 17). 

HNO a NaOMe 

C 6 H 5 -CH 2 NHNH 2 --> C 6 H 5 CH 2 -N(NO)NH 2 

C 6 H 6 CH 2 N 2 ONa ° > C 6 H 5 NHN0 2 + N a O (17) 

In some instances such as the reduction of nitrohydantoin none 
of the hydrazine is obtained and only hydrantoin itself is the prod¬ 
uct 40 . This nitrogen-nitrogen fission occurs to some degree with 
all true nitramines and nitramides. In fact hydrazines are obtained 
better from nitrosamines or nitrosamides when they are available 
than from the nitro analogues. 

Franchimont seems to have effected a Mannich-type reaction 
almost twenty years 41,42 before Mannich discovered this method of 
synthesis. Typical is the reaction of methylnitramine with piperazine 
and formaldehyde. Like the Mannich reaction it is reversible in 
presence of alkali (equation 18). 

CH 2 —CH 2 h 

/ \ I 

HN NH + 2 CH„0 + 2 CH.NNO, -> 

\ / 

ch 2 —ch 2 

NO, CH„—CH, NO, 

I " / \ I 

CH 3 NCH 2 N NGH 2 NCH 3 (18) 

—CH^ 

As might be expected from the labile hydrogen on aliphatic 
primary nitramines reaction occurs with isocyanates with formation 
of substituted nitroureas 48 (equation 19). Evidence that phenyl- 

R—NHNO a + C 6 H 0 N=C=O-> C 6 H 6 —NH—CO—N(NO a ) R (19) 

nitramine and nitramine itself tend toward the isonitramine structure, 
RN=N(0)0H, is supported by the fact that these substances do not 
form ureas with isocyanates 37 . 
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IV. PRIMARY NITRAMIDES 


Although amides were the first compounds to be nitrated 44 the 
reaction is a difficult one involving careful regulation of nitric acid 
or its esters. Perhaps the best example is found in the excellent work 
of Thiele 46 when he nitrated urethane ( 12 ) as an intermediate in the 
subsequent preparation of nitramine itself (equation 20). 


NO a 

HNO. or EtNO, | H,SO. 

H,NCOOEt -H—NCOOEt ——A* H„NNO 


h 2 so 4 -,o° 


( 12 ) 


(13) 


(14) 


( 20 ) 


The nitrourethane 13 has been used for the preparation of more 
complex nitramides (such as 16 ) which are then sources of the anal¬ 
ogous nitramines 17 46 . These syntheses are based on the clean 
reaction of diazomethanes (such as 15 ) with nitrourethane (equa¬ 
tion 21). 

(C 6 H 6 ) 2 CN 2 + 13- > (C 6 H 5 ) 2 CHN(N0 2 )C0 2 Et (C 6 H 6 ) 2 CHNHN0 2 (21) 

(15) (16) (17) 

During twenty years after Franchimont’s original work, a large 
number of linear and cyclic amides were nitrated either as sources, 
by hydrolysis, of primary nitramines or else as sources of hydrazines 
by reduction 9 . However, the reduction is frequently unsatisfactory, 
although it works well for conversion of nitroguanidine to amino- 
guanidine 47 and nitrosoguanidine. 

Besides urethane, Thiele nitrated urea 45 by treatment of urea 
nitrate with sulfuric acid. Also he nitrated biuret 48 (to mono or 
dinitrobiuret) and obtained nitrodicyandiamidine 49 (guanylnitro- 
urea, 19 ) from dicyandiamide ( 18 ) (equation 22). It may also be 
prepared from dicyandiamidine (guanylurea), the hydrolysis 
product of 18 . Nitrodicyandiamidine ( 19 ) is of interest from several 

nh 2 nh 2 nh 2 nh 

I h 2 so 4 I I H.o II 

C=NH ——>■ C=N—H or C=N—H > N„0 + GO,, + H„N—G—NH 2 

I Kl\rO_ | | inn° 6 ‘ 

N-H N—H 

I I 

C=0 C—OH 

! II 

N—H N—NO» 

I 

no 2 

(19a) (19b) 



(22) 
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aspects. First, Thiele demonstrated by hydrolysis to guanidine that 
the nitro group is attached to the urea-like part of the molecule. 
However, it is probable that the structure 19a which Thiele assigned 
is incorrect. Thiele also nitrated guanidine and was at first undecided 
about the structure 50 but he finally called it a primary nitramide as 
he did 19a. Subsequently 51 it has been shown that nitroguanidine 
has the nitrimide structure 20 (equation 23). Since nitrodicyandia- 

NH NNOo 

II hno 3 II 

H 2 N-C-NH 2 —H 2 N-C-NH 2 (23) 

( 20 ) 

midine shows similar characteristics it is probably 19b. It does not 
give the Franchimont test characteristic of nitramides like nitrourea 
and nitrobiuret nor does it react with diazomethane as do these 
substances. Added to these observations by the author is the fact 
that it is neutral like nitroguanidine when it is first treated with 
aqueous alkali. 

It must be stressed that no generalization can be drawn in respect 
of the nitrimide versus nitramide structure. For example the prop¬ 
erties described for dinitrobiguanidine indicate that it is at least 
partly an ammononitramide 52 . 

The chemistry of nitrourea, nitroguanidine and their alkyl de¬ 
rivatives have been studied extensively by T. L. Davis and his 
co-workers. Davis 53 devised the term ‘dearrangement’ to explain the 
decomposition of nitrourea although he did not isolate any of the 
primary products of this decomposition (equation 24). 

H O H 

R = H I II I R^H 

RNH„ + 0=C=N—NO, <- R—N—G—N—NO, -> 

‘ 4 A * A 

RNCO + H 2 NN0 2 

HoO 

-* + (24) 

N a O 

Naturally nitramine was already known to be unstable under the 
conditions of thermal decomposition but nitroisocyanate was and 
still is unknown. The ‘dearrangement’, however hypothetical, did 
explain the reactions that actually occurred. For example the reaction 
of nitrourea with equivalent amounts of amines may be depicted 
from nitroisocyanate in order to account for the products, JV-alkyl 
or aryl-A'-nitroureas that are obtained (equation 25). But these 
products also will react with more of the amines. Since the nitro 
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group is lost they do not ‘dearrange’ in the same manner. Davis 

O 

II 

0=C=NN0 2 + RNH 2 --> RNGNNOa (25) 

H H 

postulates that in this instance (when R is not H) the alternative 
‘dearrangement’ occurs whereby an isocyanate is the intermediate 
(equation 26). 

H O H 

R 1 —N—G—N—N O a 


R 1 —N=G=0 + N 2 0 + H a O 

I ? 

I R 2 NH 


(26) 


> R 1 —N—C—N—R 2 
H H 


Somewhat similar postulations were made for reactions of nitro- 
biuret on the basis of the decompositions observed in aqueous- 
alcoholic solutions 64 . 


fv 


|->- co 2 + n 2 o 

I> H 2 NCONH 2 + 0=C—NNOg (27) 


o o 
II II 

h 2 ncnhcnhno 2 


\L 


O 


± HoNC—N=C=Q + H 9 NNO 9 


NH, 


\R 2 NH 


HoNCONHCONHi 


O O 

II II 

h 2 ncncnr 

H R 


-»■ H,0 + N,0 


(28) 


The actual observations, besides the gases, carbon dioxide and 
nitrous oxide, are presence of urea and some cyanuric acid presum¬ 
ably derived from it. These products ought to have been formed 
according to equation 27. On the other hand nitrobiuret with 
ammonia regenerated biuret while amines gave alkyl or aryl- 
substituted biurets in good yield. In these instances nitramine osten¬ 
sibly is formed and then decomposed to nitrous oxide and water; 
the biurets would be formed from amidoisocyanate according to 
equation 28, 

The chemistry of nitroguanidines is analogous with that of the 
nitroureas and Davis postulated similar ‘dearrangements’ which 
involved a known (cyanamide) and an unknown (nitrocyanamide) 
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H H 

R = H I ! 

RNH, + N=C—NHNO„ ■<- RNG—NNO, 


r 1 nh 2 
y NH 

II 

R 1 —NH—G—NHNO, 


NH 


A R ^ H 


H 


RN—C=N + H 2 NNO, 

| R x nh 2 |_ 

NH 


> H a O + N a O (29) 


R—NH—C—NHR 1 


type of product (equation 29). The latter compound has since been 
isolated in salt form by another method 56 . As is the case with the 
ureas, with nitroguanidine the principal product upon treatment 
with an alkyl or aryl amine is the 3-alkyl or aryl-substituted nitro¬ 
guanidine, whereas a 3-alkyl or aryl-substituted nitroguanidine 
reacts, with ostensible loss of the nitro group, to give a 1,3-disub- 
stituted guanidine. Of course these are the main products that are 
obtained from the two reactions but there is a discrepancy: Davis 
assumed the wrong structure for nitroguanidine as H a N(G= 
NH)NHNO a . In order to conform with Davis’ concepts of ‘de- 
arrangement’ one must assume that nitroguanidine in its isolated 
form, (NH 2 )C==NN0 2 , rearranges to the aci-form that Davis 
thought to be the structure. Such an isomerization in the presence 
of basic amines is not unreasonable, but it allows for a number of 
alternative mechanisms. It is doubtful today whether Davis’ concept 
of ‘dearrangement’ is very useful. 

The replacement of the nitro group by the amino group has been 
extended to cyclic nitroguanidines 56 but the water used in the 
reaction tends toward formation of ureas (equation 30). 


H 

/ CH *— N \ 
(ch 2 ) b >=o 

\ / 

CH 2 —N 

I 

H 


H.O / 

— ( GH 2)„ 

\ 


H 

I 

CH.,—N 


s RNH., 

;c=nno, - —> 


CH,—N 

I 

H 


(30) 
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^CH,—N H 

(ch 2 1 \-nr 


CH 2 —N 
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V. SECONDARY NITRAMINES 


Secondary nitramines are much more stable in highly acidic media 
than are primary nitramines, so direct nitration is feasible from this 
aspect. However, as will be noted later some secondary amines do 
not respond well to direct electrophilic nitration. For this reason the 
nucleophilic reaction of Angeli 13 has been used successfully for 
synthesis of secondary nitramines 15 • 17 (equation 31). 


R,NH + B0 


[RNRje + R'NOg 


R—N—R" 

l 

R'NO, 


HB + [R—N—R]© 

© 


-> R—N—R + [OR']© (31) 

NO, 


where B represents alkoxide or amine anion and R'N0 3 an alkyl 
nitrate, cyanohydrin nitrate, nitryl nitrate or nitryl fluoride. 

The nitration-oxidation of dimethylaniline (21) which leads to 
synthesis of 2,4,6-trinitrophenylmethylnitramine (24) is of general 
applicability in the formation of secondary polynitrophenylmethyl- 
nitramines 57,58,59 . Before or during the oxidation of the methyl group 
the aromatic nucleus is nitrated, (equation 32) to 22 and then oxidized 



to dinitrophenylmethylnitramine (23), which is nitrated quickly to 
24, probably because the aromatic nitro groups make it a weak 
base. Although the conversion of iV-methyl to A-nitro is applied 
principally to aromatic amines it has been observed also with 
saturated aliphatic amines 59 . 

Only weakly basic amines can be nitrated directly. Those first 
shown to form nitramines in good yield are i mino- ace ton itril e 
(25, R is C=N), imino-Mj-acetic acid (25) R is COOH), as well as 
its amide (25, R is NH 2 —C=0) and its cyclic imide 60 26. Later 
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a) a-dimethyl-imino-£u-acetonitrile 61 (27) and imin o-bis-2, 2,3-trifluo- 
roethane 62 (28) have been found to behave similarly. On the other 
hand more strongly basic amines such as diisopropylamine (29) in 
R—CH 2 o=C-CH 2 N=C—CHMe F„C—CH, 

I II I I 

N—H H—N N—H N—H N—H 

I II I | 

R—GH 2 0=C—CH 2 N=C- CHMe F 3 G—CH 2 

(25) (26) (27) (28 ) 

which groups donate electrons to nitrogen, will not form a nitramine 
in nitric acid alone or with acetic anhydride. 

According to titration with sulfuric or perchloric acid in acetic 
acid using o-nitroaniline 63,64 as photo indicator a list of basicities has 
been compiled 65 and is presented in Table I. The level of basicity at 
which some nitramine formation with nitric acid alone or in the 
presence of acetic anhydride is observed, is found to be between 
0.31 and 0.49 on the perchloric acid scale. A 93 % yield of nitramine 
is obtained from 25 (R is C=N) 66 while a 22% yield is obtained 
from piperidine (41) and a 6% yield from dimethylamine 67 (35). 

Some insight into this behavior may be gained by observation of 
the ultraviolet absorption maxima 62 and the extinction coefficients 
of the nitrate salts of these amines in acetic acid. The salts of the 
strong amines show (Table I) moderate absorption at 2960 m/n 
which is characteristic of metal salts that show nitrate as an ion or 
as part of an ion-pair in acetic acid. On the other hand the salts of 
the weak amines absorb characteristically at 2670 m /x in acetic acid 
(2700 m/r in absolute ethanol) which is identical with that of im¬ 
perceptibly-ionized nitric acid in the same media. In other words the 
strongly basic amine in acetic acid is bound to all of the nitric acid 
(molecule or ion-pair) or else to the proton of the nitric acid (am¬ 
monium and nitrate ions) whereas the weakly basic amine exists 
separately from nitric acid in the acetic acid solution. This situation 
is peculiar to the medium, as well as to acetic acid containing a little 
acetic anhydride. In water the weakly basic amine nitrate shows 
spectral absorption similar to that of the strongly basic amine salts. 

The situation in acetic acid which is indicated by spectral absorp¬ 
tion is confirmed by electrical conductance and molecular weight 
determinations. The conductances of the strongly basic amines are 
sufficiently low to indicate that the salts are not appreciably ionized, 
but they are ten to twenty-fold greater than the conductances 
(2 = 0.02) of the weakly basic amines. Since this is also the equiv¬ 
alent conductance of absolute nitric acid in acetic acid it is not 


Table 1. Proton-attracting tendency with respect to perchloric and sulfuric acids, and to spectral absorption. 


g I 

ao-C 


3 o 

« -g 
.9 a 
-a S3 

"cd 

t. 

hS O 

cS 

3 

Kfl 


rO 

a 


t£> r~- —^ --j oi co lo 

t's I s * CO CO 03 03 03 


o o o o o o 

ID iO (O to W) to 
03 03 03 03 03 03 
(M IM IM N M M 


CO in 
03 03 


t'- O 

to 

CM CM 


CO CO CO CM CM *—< O O 03 CO CO 03 
id io in id m id in K3 io tt 1 ^ ^ 

ooooooooooooo 


COiO-^CMCM—'03C0inCM‘O 
O O O O O O 03 03 03 03 00 



Q Q 


3 aS 3 


Q < 


ill 

o 

pf 


OlOHNm^lOlONBOO-'fNCO^ 

CMCOCOCOcOCOCOCOCOCOCO’^'^'^t^t^ 


lO to N 

^ CM CM 


00 CD 
CM ^ 


fl 

TO 

3 

3 

bo 

§ 

I 


3 

0 

rO 

TO 

M 

to 

J 

to 

S 

.3 


630 


Methods of Formation of the Nitramino Group, Its Properties and Reactions 631 

surprising to find that the freezing point lowering for the weakly 
basic amine nitrates in acetic acid indicates the nitric acid and the 
amine as separate particles. By contrast the strongly basic nitrates 
in acetic acid seem to exist largely as undissociated salts. 

A kinetic study shows 62 that the nitration of the weakly basic 
amine salt in acetic anhydride-acetic acid is first order in amine and 
first order in nitric acid. Although the reaction is complicated by 
concomitant acetylation with formation of the N, A-dialkylacet- 
amide, the rate is sufficiently constant to ascertain that it is increased 
by addition of perchlorate and depressed by addition of nitrate 
salts. This behavior, indicative of depression of ionization, may be 
interpreted as reversal of the formation from nitrogen pentoxide of 
nitronium and nitrate ions. The nitration may be described by 
steps 33-38. 

R 2 NH 2 NOg ——> R 2 NH + HNO 3 (33) 

2 HN0 3 + Ac a O —. ±: N 2 0 5 + 2 AcOH (34) 

© © 

N 2 O b I± ONO + NOj, (35) 

e e 

N0 3 + NaC10 4 y—, ±: NaNO s + C10 4 (36) 

f H O n© 

© I I 

ONO + R 2 NH-> |_R 2 N— N—oj (37) 

‘HOI© 

_R 2 N—N-0_ >■ R 2 NNO a + H ® (38) 

In this series, step 33 presents the state of the weak amine salt initially 
in acetic anhydride. According to step 34 the amount of nitrogen 
pentoxide generated will depend upon the acetic acid present, which 
indeed has been found to be the fact. The ionization of this nitrogen 
pentoxide in step 35, so slight that ordinarily it cannot be detected 68 , 
will be decreased by addition of nitrate ion or increased by addition 
of perchlorate which will depress the nitrate ion (step 36). In any 
case the nitronium ion concentration will be miniscule unless it is 
stabilized by complexing with water (to nitracidium ion) or with an 
amine (step 37). If water is absent the ammono-nitronium ion will 
predominate until it loses a proton to form the nitramine (step 38). 
Of course nitronium ion might also coordinate with acetic acid but 
in this event the acetatonitronium ion by proton loss will form 
‘acetylnitrate’ which itself by exchange or ionization will be a source 
of nitronium ion. 
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This is the reasonable theory. Since step 37 seems to be the rate¬ 
controlling step it is difficult to detect the complex cation. However, 
acetyl nitrate 69 and benzoyl nitrate are known to form complexes 
with tertiary amines in circumstances where step 38 cannot occur. 
In the later instance the complex 47, is capable of nitrating phenol, 
dimethylaniline and imino-fc-acetonitrile (25). In these nitrations 


^ 6^11 

CH 2 —NHNOg 

gh 2 

GH„—N—HNOo 


c 6 h u 


(47a) 


HNO a ; Ac 2 0 


HO Ac 
100 ° 


CH„—N 

I 

GH 0 


2 HNO„ 


(47) 


-HNO, 


-1© 

© 


CH, 


-N—NO„ 

I 

CH, 


CH 2 —NH 


C„H. 


2 NO 3 0 (39) 


li - 1 

(47b) 


the complex 47 might simply be acting as a source of dinitrogen 
pentoxide. But if this were the fact then dicyclohexyldiazacyclo- 
pentane dinitrate (47a) ought to be obtained as well (equation 39). 
Actually the other product is not 47a, but, instead is A, A-dicyclo- 
hexyl-l,2-diaminoethane dinitrate (49). More likely the mono- 
nitronium-monoammonium salt 47b (from 47 by loss of nitric acid) 
transfers nitronium ion to dimethylaniline (in ethyl nitrate medium) 
and receives from it a proton which causes hydrolysis to 49. The 
alternative transfer of a proton from the di-cation of 47b (to nitrate 
ion in the reaction medium) would result in the A-nitro-1,2- 
diaminoethane mononitrate 48, by an analogous process which will 
later be discussed as ‘nitrolysis’. Actually the formation of 48 from 
47b occurs in acetic anhydride. One may assume participation of 
47b in both nitration and nitrolysis (equation 40). 


no 2 t 

ch 2 o + c 6 h 11 nch 2 ch 2 +nc r h. 

H 


li 


Ac z O EtNOg 

->- 47b ->- 

c 6 h 6 n(Gh 3 ) 2 


(48) 


ii-N0 2 —G 6 H 4 N(Me) 2 + CH a O + (C 6 H u NH 2 CH 2 ) 2 +2 NOg~ (40) 

(49) 
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Because strongly basic amines form ammonium salts with nitric 
acid, apparently to the exclusion of nitronium salts, they cannot be 
nitrated directly to give secondary nitramines in satisfactory yield. 
Alternative methods such as diazomethane methylation of primary 
nitramines are inconvenient or unsatisfactory. Although primary 
nitramines partake well in the Michael reaction 70 to give second¬ 
ary nitramines the reaction is of limited applicability (equation 41). 

OH© 

RNHNO a + CH 2 =CHC=N --> RN(N0 2 )CH 2 CH 2 CN (41) 

Perhaps the best alternative to nitration has been the oxidation of 
the analogous nitrosamine when available. 

Originally this conversion of nitrosamines to nitramines was 
effected by use of hydrogen peroxide 71,72 and it suffered from a 
tendency for the nitrosamine to revert to the amine. However, the 
conversion may be carried out very efficiently by use of trifluoroacetyl 
peroxide 73 . 

Although strongly basic secondary amines cannot be converted 
to the nitramines by nitric acid, alone or in acetic anhydride, the 
reaction does occur in these media in the presence of chloride. It is 
of interest that this discovery was made by inadvertence. In contra¬ 
vention of the strong-base rule, a secondary amine nitrate that was 
carelessly dried over calcium chloride was converted by acetic 
anhydride to the nitramine whereas the same salt dried in vacuo 
without desiccant would not react. Tests showed that some hydrogen 
chloride—nitric acid exchange had occurred. Subsequently it was 
shown that small amounts of chlorides would raise the yield of 
dimethylnitramine, originally reported by Bamberger and Kirpal 74 , 
from 5 % to 65 %. Since these authors did not suggest that their 
yields were small, it is intriguing to speculate whether their dimethyl- 
ammonium nitrate-acetic anhydride system was contaminated with 
chloride. 

Of course it is possible that Bamberger and Kirpal obtained good 
yields by other variations, say by use of elevated temperatures. For 
example Chapman and Lamberton 78 nitrated morpholine in 48 % 
yield by use of ammonium nitrate and nitric acid in acetic anhydride 
at 65°. However, the chloride-catalyzed nitration of morpholine 
gives a 93 % yield, so it would seem to be the preferred method. 

The chloride-catalyzed nitration in some instances yields besides 
the nitramine 50, also the nitrosamine 51 and the acetamide 52 
as byproducts. A typical example, dibutylamine, was studied in- 
tensively 66 . It was found that the slower the reaction the greater 
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was the yield of acetamide 52, and that the more of catalyst was added 
to increase the rate of nitramine formation the greater was the yield 
of nitrosamine 51 (equation 42). 


C 4 H 

I 

NH 


9 


HN0 3 ; Ac 2 0 
MCI 


c 4 h 9 


g 4 h 9 c 4 h 9 c 4 h 9 

NNO„ + NNO + NCOCHo 

I I I 

g 4 h 9 c 4 h 9 G 4 H 6 

(50) (51) (52) 


(42) 


It was also found that the catalyst was lost in the form of molecular 
chlorine when the reaction system was vented to the atmosphere. 

These facts led to an investigation which showed 76 that the 
chloride introduced into the system was oxidized by nitric acid to 
electropositive chlorine, notably chlorine acetate, with consequent 
reduction of nitric to nitrous acid. It appears that when the reaction 
system called Aqua Regia (equation 43) is carried out in acetic 
anhydride the products (equation 44) are different from those 
encountered in presence of water. 


3 HG1 + HNO a -> Cl 2 + NOGI + 2 II 2 0 (43) 

2 HCI + 2 HN0 3 + 3 Ac a O 2 GlOAc + N 2 0 3 + 4 HOAc (44) 

These are the principal reactions but other electropositive chlorine 
and nitrosonium salts also will be present 77 . 

The presence of chlorine acetate in the reaction system used in 
nitrations at once suggested that a secondary chloramine would be 
formed when the amine was present. Accordingly a secondary 
amine hydrochloride was treated 78 with just enough nitric acid to 
fulfil the requirement of equation 42. The product was a mixture of 
the secondary nitrosamine and the chloramine. The chloroamine 
also was the product when the amine in acetic anhydride was 
treated with pure chlorine acetate but not when it was treated with 
chlorine. This observation is in correlation with the fact that catalytic 
amounts of chloride in the nitration system become ineffective when 
the reaction is a slow one. A path for conversion of the reactive 
chlorine acetate to unreactive chlorine was then sought and found 
kinetically in two slow reactions (45) and (46) 78 . 

HCI + GlOAc y, ^ Cl 2 + HOAc (45) 

2 GlOAc + N 2 0 4 y ^ Cl 2 + N 2 O b + Ac a O (46) 

With this evidence at hand that chloramines are present in the 
HCI—HN0 3 —Ac a O-amine system, it remained to try the reaction 
of chloramines with nitric acid in acetic anhydride. Essentially the 
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same yields of nitramine are obtained as occurs when the amine is 
added to the chloride-catalyzed nitration system. The reaction 
involving chloramine may be written as equation 48, and the 
catalytic behavior of chloride may seem to involve the regeneration 
of chlorine acetate. 

The chloride-catalyzed nitration of secondary amines is therefore 
a chain reaction which may be expressed by the chain-generating 
equation 44 followed by the chain-carrying equations 47 and 48, 


2 HG1 + 2 HNO a + 3 Ac 2 0 — 

— 2 ClOAc + N 2 O s + 4 HOAc 

(44) 

GlOAc + R 2 NH — 

— R 2 NC1 + HOAc 

(47) 

R 2 NC1 + hno 3 + Ac a O - 

—► R 2 NN0 2 + ClOAc + HOAc 

(48) 


The slow chain-breaking step 45 will be minimized when steps 47 
and 48 are rapid, but loss of catalyst described by reaction 46 is 
only minimized by the undesirable formation of the nitrosamine as a 
byproduct according to reaction 49. Even if the formation of nitros¬ 
amine were acceptable as a means of removing the nitrogen oxides 
(so that they could not react with chlorine acetate) the expedient 
would be impractical because reaction 49 is not chloride-catalyzed, 

2 R 2 NH + N 2 0 3 + Ac 2 0 ^^ 2 R 2 NNO + 2 HOAc (49) 

so it would be an ineffective scavenger. On balance, it is advisable 
to maintain a significant amount of catalyst so as to accelerate 
formation of nitramine at the expense of nitrosamine and to utilize 
the catalyst before it is destroyed by reactions 45 and 46. 

The acetylation of the secondary amines is independent of the 
nitration and reaction 50 is not chloride catalyzed. Also it is slower 

R 2 NH + Ac a O - >■ R 2 NAc + HOAc (50) 

than nitrosation and catalyzed nitration, it is not troublesome unless 
the amine (when it contains secondary or tertiary alkyl groups) is 
so basic that reactions 47 and 48 are very slow. 

For example, in the production of the practical explosive, dinit- 
roxydiethylnitramine, which involves an amine of moderate basicity, 
the product does not contain a detectable amount of the acetamino 
derivative. The nitrosamine, which can be removed easily because 
it decomposes in boiling water, could not exceed 15% because 
85-96 % yields of pure nitramine are obtained consistently. But 
catalyst control is necessary. On one occasion during ton-lot pro¬ 
duction the operator, disturbed by the odor emanating from the 
reactor, removed the noxious fumes by suction. Actually he removed 
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chlorine by this device and his yield of nitramine was minimal. This 
practical experience might have been anticipated from the fact 
that reactions 44, 45, 46, 47, and 49 involve mobile equilibria which 
are easily shifted. Actually these equations are only a few of those 
which might be written to describe this complex system. The original 
reference should be examined for further detail. 

Presumably the chloramines are nitratable (when the parent 
amines are not) because they are weaker bases than the amine from 
which the chloramine is generated. The more stable (and also more 
symmetrical) the substituted ammonium ion (the protonated amine, 
free or as part of an ion-pair) the more will its overall-positive charge 
tend to repel an electropositive nitronium ion. However this explana¬ 
tion is not sufficient in view of the attack on the same ammonium 
ion by electropositive chlorine. Assuming that attack by either 
nitronium ion or cationic chlorine occurs with a small amount of 
free amine it is obvious that, unlike cationic chlorine, nitronium ion 
approaching the amine, as in 53 (A=H) must bend out of its carbon 
dioxide structure (equation 51) 


cy 

®N + 


R 

T":N—A 


R 


O R 

\ /'7\ 
N--N.J 

/ \^ A 

O R 


V / 

> .,N^=N + 

O'' \ 


(53) (54) (55) 

(51) 

in order to form the complex ion 54. The N—N bonding which will 
aid this process will be the greater if besides sigma bonding a contri¬ 
bution of pi bonding (ultimately the stabilizing influence in the 
nitramine 55) is contributed by ejection of A. This ejection will be 
easier if A is Cl rather than H, according to the relative strengths of 
N—Cl and N—H bonds. Of course the over-all electron distribution 
in the ammononitronium ion 54, also is involved, so it is not un¬ 
expected that the rate of nitration of secondary chloramines is slowest 
for those derived from the most basic amines. 

Although the reduction in amine basicity by chloramine formation 
is a convenient way of nitration, the idea is not new. It has long been 
known that electron-attracting groups will make a iV-substituted 
secondary amine less basic than the parent amine. Such substances 
may be ‘nitrolyzed’ by use of absolute (‘real’) nitric acid and some¬ 
times with nitric-sulfuric acid systems. In fact the first dialkyl- 
nitramine 56 was prepared in this manner 79 and the substituted 
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urea 57 is the best reagent (equation 52). 
ch 3 o ch 3 

\ II HNO, \ 

NGNH g ——> NN0 2 + GO a + NH 4 N0 3 (52) 

Gh{ GHg 

(57) (56) 

Compound 56 is also obtained from tetramethylsulfamide 80 , 
iV,A r ,dimethylcthanesulfamidc 81,82 ' fia , dimethylacetamide 8488 - 86 and 
dimethylbenzamide 87 ' 88 . However, with dimethylurethane (58) the 
reaction takes a different course 89 (equation 53), 

GH 3 o no 2 

\ II HNO, I 

NGOEt - > GHqNGOEt + “oxidation products” (53) 

/ ii 

CH„ O 

(58) 

This reaction is frequently observed among the higher homologues 
of the dialkylacylamides, sulfonamides and even the ureides. 
Obviously it limits the use of the previously-mentioned reaction as a 
method of preparing secondary nitramines. 

Nevertheless the reaction of negatively A'-substi tuted dialkyl- 
amines is of interest in relation to more modern studies, especially 
since Franchimont observed early that the yield of secondary 
nitramine was directly related to the basicity of the parent amine. 
The reaction is not dissimilar to that of the chloride catalyzed 
nitration. In this connection it is noteworthy that N-n-butyl-bis- 
acetamide is recovered unchanged upon treatment with nitric acid 
in acetic anhydride. In such a system an anionic acceptor for an 
ejected cation is sparse. 

VI. SECONDARY ISO NITRAMINES 

There has been little interest in these substances and not much is 
known about them. Indeed the structures have not been proved 
rigorously. They are formed during the alkylation of primary 
nitramines, especially in alkaline solution 90 91 . In the example cited 
(equation 54) the yield of di-M-butylnitramine (50) was 32 % b.p. 

c 4 h 9 nno 2 ic + c 4 h 9 i — f ^> (C 4 H 9 ) 2 NN0 2 + c 4 h 9 —n=nooc 4 h 9 + c 8 h 18 n 2 o 2 

(54) 

(59) (50) (60) (61) 

129-30 (11 mm) while that of dibutylisonitramine (60) was 24% 
b.p. 97-99 (11 mm), and 26 % of the parent butylnitramine, the acid 
of 59 was recovered 68 . Part of the loss is due to another isomer 61 
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which is veiy unstable. Its type has been observed often 92 but never 
obtained pure. Decomposition products are nitrogen, hydroxyl and 
aldehyde-like substances 37 , the same as are obtained from iso- 
nitramines when they are heated with alkali. None of the parent 
primary nitramine (which is stable in alkali) is recovered upon 
acidification. 

The ratio of nitramine 50 to isonitramine 60 is an average but it 
can vary from a preponderance of nitramine to isonitramine when 
1,2-dinitraminoethane is methylated to the reverse with phenyl- 
nitramine 32 . The principal basis for assignment of structure 63 is the 
expectation that it will arise from the ion 62 where the charge 
between oxygen and nitrogen is resonance-distributed (equation 55) 

R—N—R 1 O—R 1 

I / 

NO a + R—N=N (55) 


H 

I 

RNNO, 


RN==N 


on© 


o 


mx 


\ 


O 


(62) (64) (63) 

Since the group ‘R’ will influence this distribution the relative attach¬ 
ment of R 1 to give 63 or 64 may be expected to vary among nitra- 
mines. Of interest is the fact that reaction with diazomethane usually 
gives the secondary nitramine uncontaminated with isonitramine but 
here too phenylnitramine 28,29 is an exception although 2-nitramino- 
thiazole 30 follows the rule. 

The products of alkylation may be classified easily by the Franchi- 
mont test. The isomers of unknown structure 61 in acetic acid with 
dimethylaniline show a green color before the customary addition 
of zinc dust but the isonitramine gives no color either before or after 
the addition of zinc. Contrary statements about isonitramines of 
ostensible purity (but obviously-contaminated) attest the isomeric 
nature of 61. 

When a dialkylnitramine is treated with 40% sulfuric acid no 
reaction occurs, but a quiet evolution of nitrous oxide takes place 
when a secondary isonitramine (65) is treated with this reagent 91 . 
In addition, alcohols 66 and 67 are found in the product. The 
alcohol 67 may also appear, in whole or part, as the alkene 68 and 
water. No doubt but it is significant that products 67, 68 and water 
are obtained by the action of 40 % sulfuric acid on primary nitra- 
mines 93 (equation 56). 

c k H 2«+i n=noor1 + H 2° ->- TdOH + C s H 2b+1 N=NOOH (56) 

(65) (66) 

C„H 2n+1 N=NOOH -> N z O + C„H 2 , l hl ()H or H a O + C„H 2 „ 

(67) (68) 
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But again phenylnitramine is an exception 94 because it gives nitrogen 
and nitric oxide. The isomers of unknown structure 61, give nitrous 
oxide like the isonitramines. 


VII. SECONDARY NITRAMIDES 

Because they were the original source of primary nitramines the 
secondary nitramides were among the first of the TV-nitro compounds. 
The nitration of ethylsulfonmethylamide 83 was found to proceed 
smoothly and in good yield. Nowadays this ease of nitration may be 
attributed to the weakly-basic nature of the imino group. Absolute 
(‘real’) nitric acid was used (equation 57), 


C,H.SO„NHGH„ 


c 2 h 5 so 2 nh 2 + 


r N °2 i" 

II 

LnchJ 


(69) (70) 

The nitramide 69 could be hydrolyzed by boiling water to give the 
primary nitramine at once or with ammonia at lower temperature 
to give the ammonium salt 70. 

The nitration-hydrolysis path is equally successful with ure¬ 
thanes 86,87 and with carboxylic acid amides. Some of the nitration 
products 34,86,94 have been considered for use as explosives; for 
example /;b-methylnitraminooxamidc (71) from symm. dimethyl- 
oxamide (72) (equation 58) has been studied because its melting 

HNO, 

CH 3 NHCOCONHCH 3 --V CHgN(N0 2 )C0C0N(N0 2 )GH 3 (58) 

(72) (71) 

point (124°) provides a convenient eutectic with trinitrotoluene and 
the solidified melt is free from gross cavities. However, it tends to 
decompose with gas formation when retained long in the molten 
state. 

NO, 


0=CNHCH,CH,0H 


o=cnhch 2 ch 2 oh ■ 


o=cnhch 2 ch 2 no 3 


‘NENO’ 


o=cnch 2 ch 2 oh 


HNO., H.SO. 


no 2 

(75) 
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A more energetic nitramide intended for use as an explosive is 
£«-nitroxyethylnitro6xamide (NENO) 95 . from iw-hydroxyethylox- 
amide (73) (equation 59). During a study of its manufacture 96 it has 
been found that only nitrate esterification occurs in absolute nitric 
acid to give a 98% yield of &A-nitroxyethyloxamide (74). Mixed 
nitric-sulfuric acid is required to convert 74 into NENO but the 
iV-nitration is inhibited by 0.02 equivalent of nitrosylsulfuric acid. 
In absence of nitrous acid, 73 is converted to an 85 % yield of NENO 
within 45 minutes but this yield decreases to 79 % after 120 minutes. 
Probably a slow de-esterification is occurring in the spent acid to 
give Z'u-hydroxyethylnitrooxamidc (75) although this compound 
has never been isolated. Its presence is inferred because the impure 
product of lower yield after 120 minutes of reaction time can be 
restored to maximum yield and purity simply by adding it to fresh 
mixed nitric-sulfuric acid. 

NENO has about the same explosive power and impact sensitive¬ 
ness as TETRYL. NENO has been studied as a replacement for 
TETRYL because it can be manipulated at 100° in the liquid state 
and its slow rate of crystallization from the cooled magma insures 
absence of voids in the resolidified explosive. 

Just as ureas are related to amides so nitroureas resemble nitra- 
mides. The nitro group enters at the secondary amido position in 
monoalkyl ureas 28 . Many cyclic amides and diamides have been 
nitrated, of which l,3-imidazolidone-2 97 (76) via the 1,3-dinitro- 
derivative (77) comprises a source of the powerful and stable 
explosive 1,2-dinitraminoethane (78) (equation 60). 

CH,-GHo CH„-CH„ GhLNHNOo 

I I HN0 3 I I H.O | 

HN NH -V 0 2 NN NNO a —■— > + GH 3 NHN0 2 (60) 

\ / H 2 S0 4 100° 

G G 

ii ii 

o _o 

(76) (77) (78) 

Nitroguanidines, as ammono-analogues of nitroureas, may be 
classified among the nitramides but much of the chemistry of nitro¬ 
guanidines is different. As has been shown above, nitrourea behaves 
as an acid whereas nitroguanidine, being normally a nitrimide 98 
does not. From the viewpoint of the explosives technologist this is 
important because acids like 1,2-dinitraminoethane (78) and picric 
acid may corrode their containers to form salts which are dangerous. 
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However, some nitroguanidines are normally in the nitramido 
rather than the nitrimido form. Typical is l-methyl-l,3-dinitro- 
guanidine" (81) which is prepared from 1-methylguanidine (79), 
via l-methyl-2-nitroguanidine (80) (equation 61). The second nitro 
group, which must be introduced by use of acetic anhydride and 


CH„ 

I 

N—H 

C=N—H 

! 

nh 2 

(79) 


CHL 

I 

N—H 


HNO, 


I 

->■ G =N NO, 


HN0 3 ,Ac 2 0 


ch 3 

N—NO, 


NH„ 

(80) 


97% HNO, 


I 2 

C —N—NO,, 

II H 

HN 

( 81 ) 


KOH 


NO a ”K+ 


CH, 

I 

N=NO a K+ + Ns=C—GH 
(82) 


(61) 


nitric acid, imparts properties different from that of compound 80. 
It is partially denitrated in 97 % nitric acid, which partly explains 
why it cannot be prepared in this medium. Also it decomposes 
readily in absolute nitric acid to give nitrous oxide. This may be a 
consequence of its fission to yield methylnitramine which is unstable 
in absolute nitric acid. The facility of the fission is shown by the ease 
with which methyldinitroguanidine (81) is split by alkali into the 
salts of methylnitramine and of nitrocyanamide (82). Perhaps the 
most profound effect of the second nitro group in 81 is its influence 
in shifting the nitrimido group in 80 to a nitramino group. This makes 
methyldinitroguanidine behave upon titration with alkali like a 
true acid whereas methylnitroguanidine (80) is neutral toward 
alkali. 

The nitrimides frequently isomerize to primary nitramides in 
alkaline solution. The first observation was made with nitroguanidine 
but a cyclic analogue has been studied more thoroughly 56 . The dipole 
moment of 2-nitrimino-l,3-imidazolidine (83) is that expected of a 
substance having the nitrimine structure 100 . It does not react with 
alkali at once in aqueous solution but during twelve hours the 
neutralization of the alkali indicates that the acidic 2-nitramino- 
imiclazoline (84) has been generated. Acidification of this solution 
after twelve hours regenerates at least 20 % of the original nitrimide 
83 but the rest has been hydrated to the system 85-86 (equation 62). 
2-Nitriminoimidazolidine and 2-nitraminoimidazoline thus are the 
pseudo-acid and aci-form, respectively. 
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GH 2 —o 


CH 2 —N 




G—NHNO, 


(90) 


Further evidence for 2-nitriminoimidazolidine (83) as a pseudo¬ 
acid is found on treatment with diazomethane and acetyl chloride. 
The substance is inert toward diazomethane, which methylates all 
primary nitramines. It reacts with acetyl chloride to give l-aceto-2- 
nitriminoimidazolidine (87) and not 2-chloroimidazoline (88) and 
nitrous oxide which is the expected reaction between acid chlorides 
and primary nitramines 101 . The nitrimide (83), also does not give the 
Franchimont color test with dimethylaniline 82 . 

There is a certain vagueness in the definition of a pseudo acid. 
Hantzsch’s historic example of nitroalkanes versus their aci-forms 
was wrongly extrapolated by him to the nitramine-isonitramine 
situation 7 . But as was shown by Euler 23 any transformation between 
the nitramine and isonitramine forms must be so rapid as to exclude 
them from Hantzsch’s pseudo-aci definition. The same quandary 
appears as a matter of degree among the nitrimide-nitramide isomers. 
Substances like nitroguanidine and 2-nitraminoimidazolidine are 
properly to be classified as pseudo-acids because the transition to the 
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aci-form is slow. But other nitrimides may be converted rapidly. One 
of these is l-aceto-2-nitriminoimidazolidine (87). This structure is 
attested by non-reactivity toward diazomethane and acetyl chloride. 
However, it behaves toward alkali as a weak acid (K A = 1 X 10 -9 ). 
It is not to be classified as a pseudo acid if the latter is defined as a 
substance which is converted at a rate slower than that of ordinary 
titration. A similar instance has been encountered with 2-nitri- 
minooxazolidone (91) which is formed by the action of 1 equivalent 
of hot ethanolic alkali on /?-ch 1 orocthy]-3-nitrourca (92), and which 
reverts to it (without loss of the nitramino group) upon treatment 
with acetyl chloride, (equation 63). If the product from 92 were 
the nitramine of which (93) is shown as the sodium salt then it should 
have lost nitrous oxide upon treatment with acetyl chloride. 


V 

G—N 

CH 2 —o' NO a -Na+ 

(93) 


NaOH 
< - 

rapid 


GH a —NH 

\ AcCl | \ 

C=NNO,-> GIF G—NHNO, 

y- 2 HOAc | 2 || 2 

GH 2 —O Cl O (63) 

(91) (92) 

f _ KOH _ | 


Confusion arose 102 with l-nitro-2-nitriminoimidazolidine (94) 
until the distinction between slow (pseudo-aci) and rapid (tauto¬ 
meric) isomerism was understood. This substance, prepared by 
nitration of nitriminoimidazolidine (83) was first designated as the 
nitramide 95 for three reasons. First it behaved in alkali as a true 
acid of moderate strength (K A = 3 x 10 -7 ). Secondly it reacted 
readily with diazomethane and thirdly it decomposed in strongly 
acid media with formation of nitrous oxide (equation 64). However, 
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ch,n 2 
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ch 2 —nch 3 


(96) 


the dipole moment (/a = 7.65 d) found by Kumler 100 leaves little 
doubt that the substance itself is the nitrimide (94). Reviewing and 
revising the former proofs 102 it has been shown 103 that the action 
of diazomethane yields a highly explosive mixture of derivatives 
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from which 30% may be designated as l-nitro-2-nitrimino-3- 
methylimidazolidine (96). Although the dinitro compound does 
react with acetyl chloride to give nitrous oxide and l-aceto-3- 
nitroimidazolidone (97), the reaction conditions are abnormal for 
test purposes. Finally, although the rapid reaction with alkali does 
exclude l-nitro-2-nitriminoimidazolidine (94) from the pseudo-acid 
class it does not preclude its original existence as a nitrimide which 
reacts rapidly with alkali to form the nitraminate. 

Another aspect of the cycloguanidine chemistry which has 
caused some confusion 101,104 106 involves the consequence of a 
characteristic solvation reaction. An example is seen in the hydration 
either of the aci-form 84 of 2-nitriminoimidazolidine (83) or of 83 
itself. The hydration product may be either 2-hydroxy~2-nitramino- 
imidazolidine (85) or 3/3-aminoethyl-l-nitrourea (86). The product 
displays a dissociation constant (K A ) of about 3 x 1CH 10 whereas 
most of the nitroureas are much stronger acids ( K A about 10 -4 to 
10- 5 ). On this basis the substance might be specified as 85 but other 
evidence is equivocal. Nitrous acid ought to cause a ready evolution 
of nitrogen from the primary amino group of 86 but this gas does not 
appear for fifteen minutes after a two-fold excess of sodium nitrite- 
hydrochloric acid is introduced. The product is the 2-nitramino- 
oxazoline (90) expected if the amino group of 86 were converted to 
hydroxyl which then underwent cyclodehydration. On the other 
hand when a four-fold excess of sodium nitrite is added during 
twelve hours there is little evolution of gas until the end ofithis period. 
Moreover this gas is nitrous oxide rather than nitrogen and the 
product in good yield is l-nitrosoimidazolidone-2 (89). This is the 
compound expected from 85 by iV-nitrosation followed by decom¬ 
position of the nitramino group. It would seem that the hydration 
product of 2-nitriminoimidazolidine exists as 2-hydroxy-2-nitra- 
minoimidazolidine (85) which is in mobile equilibrium with the 
non-cyclic 2 - (i - a m i n o c t liyl n i t r o u r e a (86) (equation 62). This varia¬ 
tion of tautomerism has been defined as ‘ring-chain’ isomerism. It 
has been suggested 106 that the isomer actually in hand shall be 
classified whether ‘ring’ or ‘chain’ after consideration of its acid 
dissociation constant. However, this definition must be qualified by 
the observation that nitrogen is released slowly, even when the 
product of this gas-release arises from the chain isomer. Such 
phenomena indicate that the chain isomer may be held in a six-atom 
quasi-cyclic state by a hydrogen bond type of association which is 
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spatially as favorable as the five-atom cycle of the ring isomer. This 
geometry will be reflected in the dissociation constant. 

Products of solvation are also obtained from l-nitro-2-nitrimino- 
imidazolidine (94) 105 , and in each instance the choice of isomer (ring 
and either nitrimido or nitramido chain) must be made. The 
product of ammonia addition includes a very labile ring 103 , while 
the dual point of the product from 94 and n-propylamine seems to 
indicate that the ring is stable at ambient temperatures but the 
nitrimido chain is stable at higher temperature 106 . When n-propyl 
alcohol (among others) is added to 94 the product is cyclic but 
another type of ring cleavage (with acetyl chloride) occurs in some 
of its reactions 106 (equation 65). Thus it may be seen that the 

NO, 

I 

CFL—N OC 3 H 7 CH„C1 

\ / AcCl I 

C -► CH,—N=C—NHN O a (65) 

/ \ I 

CH a —N NHN0 2 OC 3 H 7 

H 

reactions of the so-called cycloguanidines are very diverse. However, 
it seems to be the fact that in the isolated state they are cyclic. The 
ring seems to be maintained in some solution media but not in others. 
The ring versus chain status will depend upon substituents and en¬ 
vironment. Contrary conclusions have been drawn on the basis of ab¬ 
sorption spectra but they are inconsistent and not in accord with 
the chemical evidence 106 . 


VIII. NITRIMINES 

Nitrimines were first discussed in 1895 but there has been doubt 
about the assignment of this structural unit. The substances are 
prepared by reaction of some oximes with nitrous acid (equation 66). 

R 2 G—N—OH + HNO z -> R 2 G=N—N0 2 + H 2 0 ( 66 ) 

Angeli, who examined camphoroxime and other terpenoid keto- 
ximes 107 called them ‘pernitroso’ derivatives of structure R 2 C = 
NONO or R 2 C=(NO) 2 . When Scholl used the oxime from pina- 
colone he specified the product as the nitrimine because inter alia 
it did not react with diazomethane. However, it could be converted 
to a sodium salt and thence to other salts. Since treatment of the 
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salt with methylating agents yielded ./V-methyl 99 and an O-methyl 
100 derivative Scholl suggested a nitrimine-nitramine isomerization 
(98-a 98) (equation 67). 
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"OEt 
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(ch 3 ) 3 c—g—n=no 2 - —I 

gh 2 

(98-a) 


CHo 
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-> (CH 3 ) 3 C—C —N—N0 2 

ch 2 
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■> (ch 3 ) 3 c—c=ch 2 


(67) 


N=N—OCH 3 
A 3 
O 

( 100 ) 


Actually mesitylnitrimine dissolves in warm concentrated aqueous 
alkali, indicating that it is a pseudo-acid. The nitrimines from men- 
thone and santonin seem to be similar. 

Harries and Gley 107 encountered a similarly stable nitrimine 
from the oxime 101 of mesityl oxide plus a nitrosating agent. 
Although Scholl’s l,l-dimethyl-2-nitriminobutane was reduced to 
the parent oxime and ammonia, Harries’ 4-methyl-2-nitrimino-3- 
pentene ( 102 ) seems to have been reduced by zinc in water to the 
hydrazine since the product was 3,3,5-trimethylpyrazoline (103) 
(equation 68). Also Harries isolated an amine-oxide 104 by treat¬ 
ment of the nitrimine with fuming hydrochloric acid, and proved 
the cyclic structure by reduction to 103; he did not demonstrate the 
location of the oxide linkage. Fusco and his co-workers 107 considered 
it to be the alternative oxide and tried to establish structure RR X G= 
N(0)NO for the nitrosation product of the oxime, but their argu¬ 
ments are unconvincing. 

Nitrimine 102 is insoluble in cold alkali but it dissolves in hot 
alkali and is probably a pseudo-acid. By contrast, although neither 
react with diazomethane, the nitrimine from camphoroxime differs 
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MeC N 

/\ 

Cl ]\r O 


40% HC1 

(102) (104) 

by being soluble immediately in cold alkali. When this solution is 
acidified the precipitate, probably the nitramine, is isomeric with 
the nitrimine to which it slowly reverts. 

Three other methods have been found for preparation of specific 
nitrimines. First of these is a direct condensation of furfural (105) 
with nitramine (106) 107 (equation 69). 


C—c=o + h 2 nno 2 


C—C=NN0 2 +H a O (69) 


O H 
(105) 


(105) (106) (107) 

The reaction is one of mobile equilibrium tending strongly toward 
the left and it is unsuccessful with many aldehydes and ketones 
which have been studied, including camphor and mesityl oxide. 
The unfavorable equilibrium may explain that nitrimine formation 
has not been observed by nitrosation of the oximes of furfural and 
benzaldehyde. Such products, if formed, would tend to decompose 
to the aldehyde and nitramine, which is unstable in acidic media. 

A second method for preparation of nitrimines is a variation of 
the preparation of primary nitramines from dichloramines and it has 
not been developed thoroughly 21 . When rec-butyldichloramine (108) 
is treated with nitric acid and acetic anhydride the chloronitramine 
109 is formed (equation 70), 


Me 

HNO„ 

Et—G—N—Cl —-A 
| Ac a O 

H Cl 


Et—C—NNO„ 


Et—C—NNO a + Et—G=NNO a (70) 
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If instead of a reducing agent 109 is treated with aqueous alkali 
both the nitramine 110 and the nitrimine 111 are formed. They may 
be separated because the nitramine 110 unlike the nitrimine 111 is 
soluble in alkali. 

A third method for preparation of nitrimines, reported by 
Kirmse 180 , depends upon the reaction of nitric oxide with diazo¬ 
alkanes. Kirmse believes that this reaction proceeds via the azine 
dioxide. Typically when 2-carbomethoxybenzyldiazomethane is 
treated with nitric oxide the first product is 2-carbomethoxybenzala- 
zine dioxide which reacts with more nitric oxide to give 2-carbo- 
methoxybenzalnitrimine (equation 71). 



It is of interest that Kirmse also has synthesized the azine dioxides 
from the same sources (the oximes) as was used by Angeli (equation 
72). 



“gas from 
As^Oj and 

hno 3 ” 



Many nitrimines are unstable in aqueous media. The presence of 
butanone-2 among the products when 108 is converted to 110 and 
111 shows that the low yield of 111 is due to its hydrolysis (equa¬ 
tion 73) 


R 1 R a C=N-NO a + H 2 0 -> RjR 2 C—N—N0 2 


HO H 


> R 1 R 2 CO + N a O + h 2 o 
(73) 
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As might be expected the carbonyl-containing product will be cap¬ 
tured by a phenylhydrazine. As with 111 the reaction of phenyl- 
hydrazine with furfuralnitrimine (107) and camphornitrimine 
causes evolution of nitrous oxide and formation of the hydrazones. 
On the other hand the ostensible nitrimines 102 and 98 from mesityl 
oxide and from pinacolone respectively, do not react. 

All of the candidates for nitrimine structure give a positive, 
although ephemeral, Franchimont test for iV-nitro with dimethyl- 
aniline. However, the behavior toward alkali is different. Obviously 
furfuralnitrimine as such is not acidic. Neither 2-nitriminobutane 
( 111 ) nor the R 2 N a 0 2 derivatives from mesityl oxide or pinacolone 
are soluble in cold alkali but the latter two dissolve without decom¬ 
position when the system is warmed. On the other hand camphor¬ 
nitrimine forms a potassium salt easily. 

From a consideration of these data it would appear that Scholl 
and Harries were correct in their assumption that all of the sub¬ 
stances of which they were speaking are nitrimines. The marked 
difference in stability may be attributed to hydration, which would 
be difficult in the hindered 3,3-dimethyl-2-nitriminobutane (98). 
This hindrance would not preclude the alternative protonic shift 
leading to the sodium salt 98a although the transition might be 
such that strong alkali would be required. In short 98 may be a 
pseudo-acid. On the other hand 2-nitriminobutane is so easily 
hydrated that it decomposes before it can assume an aci-form. 
Intermediate between these is camphornitrimine which is not a 
pseudo-acid since it is converted readily to the nitramine salt. 

In summary, the chemistry of the nitrimines is not unlike that of 
the nitrimides except that in general the latter are more stable. 
Perhaps this is not surprising because the amide or amidine group 
solvates less readily than does the carbonyl group in aldehydes or 
ketones. 


IX. POLYNITRIMINES 

In the early days of World War II information was received via the 
British Intelligence Service that the Germans manufactured the 
explosive cyclonite (113) by a novel method involving ammonia, 
nitric acid, formaldehyde and acetic anhydride. From contemplation 
of these ingredients Ross and Schiessler 109 predicted that ammonium 
nitrate and paraformaldehyde in acetic anhydride ought to produce 
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methylenenitrimine (112) which would trimerize to 113 (equa¬ 
tion 74). 

ch,o 

NH 4 N0 3 + Ac a O - > NH 2 N0 2 + AcOH -> [CH 2 =NN0 2 ] -> 

( 112 ) 



O a N—N N—N0 2 (74) 

ch 2 ch 2 


no 2 

(113) 


When they attempted this synthesis they found it to be successful 
to the extent of 35 % yield on the formaldehyde basis. After the 
War it was found that the secret process of Eble 109 had indeed been 
duplicated by Ross and Schiessler. However, the reasoning which 
led to this success is now known to be faulty. There is no factual basis 
for the existence or intermediacy of methylenenitrimine. The 
achievements that arise from incorrect assumptions are notable 
examples of equivalence in the philosophy of science and are not 
carelessly to be deprecated. 

Until it was realized that methylenenitrimine could not be an 
intermediate in the synthesis of cyclonite, many attempts were made 
to synthesize it 110 . When nitramine is treated with aqueous form¬ 
aldehyde its characteristic instability in acid media decreases but 
not due to formation of 112. Instead this stabilization seems to be 
due to formation of dimethylolnitramine (114) although this com¬ 
pound has not been isolated in a pure state. However, it has been 
characterized by vacuum-evaporating its aqueous solution of pre¬ 
paration to leave a thick oil which on dehydration at 100° leaves 
3,7-dinitro-3,7-diaza-l,5-dioxacyclooctane (115)*. The ether link¬ 
ages of this substance were cleaved by absolute nitric acid to give 
dinitroxydimethylnitramine (116) (equation 75). Since this nitrate 
ester could be converted to and regenerated from the diacetoxy 
analogue 117 the identity of dimethanolnitramine, (114) would 
seem to be established. 


* First prepared by F. G. Whitmore and C. I. Noll and reported to the author by 
private communication from Professor F. G. Whitmore, under whose chairmanship a 
working committee of chemists in the United States and Canada developed the detailed 
chemistry of cyclonite formation in 1941-1943. Much of the work was never published 
by the original workers but experimental repetition may be found in Can. J. Res., 27B, 
218, 426, 469, 489, 503, and 520 (1949). 
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The aqueous solution containing 114 is a versatile system (equa¬ 
tion 76). When it is treated with methylamine the precipitate is 

1.5- dimethyl-3,7-dinitro-l,3,5,7-tetrazacyclooctane (118), even when 
an excess of formaldehyde is present. A similar reaction occurs with 
1,2-ethanediamine to form the bridged 3,7-dinitroendoethylene- 
1,3,5,7-tetrazacyclooctane (119). Indeed 114 can capture non- 
isolable substances such as 1,1-ethanediamine (from acetaldehyde 
and ammonia) by forming the bicyclic l,5-endoethylidine-3,7- 
dinitro-l,3,5,7-tetrazacyclooctane (120). Thus two types of cycliza- 
tion can occur: either with an amine or with an amine-aldehyde 
complex. It may be seen that benzylamine forms both types. To¬ 
gether with formalin it reacts with 114 as the free amine to form 

1.5- dibenzyl-3,7-dinitro-l,3,5,7-tetrazacyclooctane (121) and as di- 
benzylaminomethane to give the 6-membered cyclic l-nitro-3,5- 
dibenzyl-l,3,5-triazacyclohexane ( 122 ). Cyclohexylamine also gives 
a triazacyclohexane but none of the tetrazacyclooctane. The forma¬ 
tion of this l-nitro-3,5-dicyclohexyl-l,3,5-triazacyclohexane (123) 
has been used to detect 114 in reaction liquors. Finally the solution 
of 114 has been treated with the sulfate of methanediamine known 
as Knudsen’s salt to give the important derivative, 1,5-endomethyl- 
ene-3,7-dinitro-l,3,5,7-tetrazacyclooctane (124, called DPT). De¬ 
spite this facility to combine with aldehydes and amines there is no 
indication that 114 will cleave in order to combine with itself to 
give cyclonite (113). Therefore, like methylenenitrimine, it cannot 
be considered to be an intermediate in formation of 113. However, 
it is involved in the synthesis of 113. 


A. Polynitrimines from Nitric Acid 

The original 111 method of cyclonite synthesis was developed by 
Hale 112 on a practical basis. This so-called Hale process involves 
the treatment of hexamethylenetetramine (125) with a 20 mole 
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excess of absolute nitric acid. After filtration of crude 113 (80 %yield), 
the filtrate, neutralized to pH 5, will precipitate an 18% yield of 
crude 124. After removal of 124 an ether-extract of the remaining 
solution gives on evaporation an oil rich in formaldehyde. When 
this is treated with cyclohexylamine the formation of 123, is pre¬ 
sumptive for dimethanolnitramine (114). 

Compound 124, the first of these byproducts gives some insight 
into the nature of the process. It is evident that the conversion of 125 
into 124 takes place though a solvolysis which Professor R. P. 
Linstead has named nitrolysis. However, in view of the large excess 
of absolute nitric acid in the reaction, the participation of nitronium 
ion or one of its solvates would be expected. Fission thus involves the 

r ii© 


generation of a carboammonium ion 



from nitronium 


within the amine-solvated nitronium ion, 


N—CH„NO 0 


If the carboammonium ion acquires a nitrate ion (X = N0 3 ) it is 

I 

stabilized as the nitrate ester, N—CH 2 X, but if it acquires a hydroxyl 

I 

ion the resulting methanolamine is subject to acquisition of nitro¬ 


nium ion. This complex ion, 


hoch 2 —n—no 2 


will dis¬ 


integrate into a nitramine and carboxonium ion, [HO—CHJ®, 
which by loss of proton leaves formaldehyde (equation 77). 

It is evident that this nitrolysis may involve other bonds of 125, 
than a, a 1 . For example the fission of b and b' in 125 (equation 78) 
will lead to 127 which on nitrolysis at d will form 3,5-dinitro-3,5- 
diazapipcridy methyl-A-hydroxymethylnitraminc (128). Nitrolysis 
of 128 at e leads to 113 and 114. Therefore the latter substance is 
probably a final product and not a unit of synthesis. In other words 
113 is formed by fragmentation and not by construction. 

Not all of the intermediate fragments are isolable, but good 
evidence can be obtained to demonstrate their presence. 

For example if 128 were to be nitrolyzed at/rather than e, then 
l,9-dihydroxy-2,4,6,8-tetranitro-2,4,6,8-tetrazanonane (129) would 
be formed (equation 78). This would be expected to ‘unravel’ 
rapidly by demethylolation (equation 77) and primary nitramine 
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decomposition (equation 11) until finally 114 remains. However, 


EtO—CH 2 —NNO a —CH 2 —NNO a —CE^—NNO a —CH 2 —NNO a —CH 2 OEt 
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if nitrate ester formation occurs, 129 will be somewhat stabilized. 
Actually the dinitroxy derivative 132, seems to survive to a slight 
extent in the reaction sytem and it can be detected by a useful 
reaction wherein the nitrate ester is converted to the ethoxy deriva¬ 
tive 131 113 . The detection is accomplished by boiling crude 113 
in absolute ethanol and then isolating the relatively stable 131. 

It may be noted that 129 or its dinitroxy analogue 132 could also 
arise by nitrolysis of 124 at g and m (equation 78). This is a preferred 
method of preparation 114 from this source by use of nitric acid con¬ 
taining dinitrogen pentoxide (so-called 106 % nitric acid) but 132 
may be obtained in lower yield by use of 99 % acid. Therefore the 
alternative path via 124 might account for the traces of 132 in ‘Hale 
cyclonite’. Indeed the fragmentation of 125 may be expected simul¬ 
taneously to occur by several paths. 

The exact conditions which favor one or the other of reaction 
paths are not well understood. It has been shown above that 124 
is converted to a different cyclic polynitramine 126 by 99% nitric 
acid but in ‘106%’ nitric acid 124 is converted to 132. Also it was 
mentioned that in the nitrolysis of 125 by 99 % nitric acid 132 may 
be .detected. If 125 is treated with 106% nitric acid, 113, obtained 
in low yield, is contaminated with a byproduct which is separated 
by treatment with boiling methanol or ethanol. In this way one can 
isolate the dimethyl or diethyl ether of l,7-dihydroxy-2,4,6-trinitro- 
2,4,6-triazaheptane (134). The esters are presumptive for the 
dinitrate ester of 124 because the reaction, R—NN0 2 CH 2 N0 3 + 
R 4 OH HNO a + RNNOaCHjjOR 1 is well established. 

It may be noted that the l,7-dinitroxy-2,4,6-trinitro-2,4,6- 
triazaheptane is next lower than the tetrazanonane 132 in an homo¬ 
logous series with the GH 2 —NNO a as the constant of homology. 
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The next lower member of the series (the dinitrate ester of 1,5- 
dihydroxy-2,4-dinitro-2,4-diazapentane (135) has not been detected 
in Hale reaction systems but it has been prepared by treatment of 
another byproduct of the system with nitric acid at 5°. When the 
Hale reaction system is slowly added to 28 % ammonia the form¬ 
aldehyde present is converted into 125, which may be extracted by 
hot chloroform after 113 is filtered off. When this chloroform solution 
is evaporated to a small volume the byproduct, 3,5-dinitro-3,5- 
diaza-l-oxacyclohexane (136) separates. This substance is probably 
not present in the reaction system because it is converted by 99 % 
acid at 5° to l,5-dinitroxy-2,4-dinitro-2,4-diazapentane (137) 115 and 
therefore should not survive the Hale conditions equation 79). More 
likely 136 (commonly called cyclonite oxide) is formed during the 
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CH O GHy (79) 

\ / 3-4 min \ 
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(136) (137) 

dilution and neutralization process from 137, but this reaction has 
not been examined. 

The final member of this homologous series fc-nitroxymethylnitra- 
mine (116), might as the nitrate ester of 114 be expected in the Hale 
system. It has not been detected positively, perhaps because it 
precipitates with 113 upon dilution and is lost by decomposition 
before 113 is processed further. In any case it seems not to be the 
precursor of 114 because its rate of hydrolysis in neutral or slightly 
alkaline medium is too slow to account for 114 which can be extracted 
from such media. 

It is significant that among the byproducts of the Hale nitrolysis 
there are no primary nitramines, which are known to be unstable 
in strongly acidic media. Only secondary nitramines in which the 
primary nitramino group is blocked by a methylol group or its ester 
are found. However, the stability of these methanolated fragments is 
only relative. Their presence in the reaction system, especially when 
it is slightly diluted with water, presents a hazard because the 
potential presence of formaldehyde and primary nitramines (equa¬ 
tions 77 and 12) together with nitric acid constitute a system prone 
to explosive decomposition when nitrous acid is present. In water 
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the methanolnitramines suffer hydrolysis rather than nitrolysis and 
the formaldehyde concentration ‘builds up’ until violent evolution 
of dinitrogen tetroxide occurs. In one industrial installation an 
attempt was made to stabilize these dilution liquors by use of 
hydrogen peroxide to prevent nitrous acid formation but reliance on 
this inhibitor resulted in loss of the plant. Henceforth it has been 
customary to allow the liquors to ‘fume off’ simultaneously with dilu¬ 
tion. Thus not only the primary fragments are destroyed, but also 
methylene dinitrate and dinitroxydimethyl ether, which cause 
cardiac disturbance, are destroyed. The cyclonite is very stable so it 
survives this violent oxidation. 

The resulting 113 ought to be pure but it contains an impurity as 
stable as itself. The contaminant, disconcerting because of the 
increased impact sensitiveness that it imparts to 113, is HMX (126) *, 
the most brisant known explosive because of its high energy and den¬ 
sity. Its formation from 124 is obvious through nitrolysis at h and n 
(equation 78). It may be prepared in practical yield by nitrolysis of 
isolated 124 or from 120 114 . 

Despite many attempts to isolate all of the nitrolytic fragments from 
125 neither 128, 127 nor 130 have been isolated. However, good 
evidence for the last two compounds has been adduced by a low 
temperature variation of the Hale reaction (equation 80). When 125 
dinitrate (the stable salt) is added to a 47 mole excess of 88-100% 
nitric acid for 1-2 minutes at about —40° and the system is then 
drowned in water, a clear solution is obtained. Within about one 
minute a precipitate appears which is 3,5-dinitro-3,5-diazapiperi- 
dinium nitrate (138) u6 . This substance seems to be formed via 130. 
It would appear that upon dilution with water demethylolation 
occurs to leave 138. 

Compound 138, probably is not an intermediate in the formation of 
113 from 125, but evidently 130 does participate 117 . When a reaction 
system at low temperature comprised of 125 and nitric acid after a 
few minutes is diluted by addition of diethyl ether a gum precipitates. 
Treatment of this gum with ethanol yields 3,5-dinitro-3,5-diaza- 
piperidylethoxymethane (139) (R = Et), which according to the 
established conversion is presumptive for dinitrodiazapiperidyl- 
methyl nitrate (140) in the reaction system (equation 80). The only 

* Galled HMX because of its high melting point. Many of these codified initials were 
used for ostensible secrecy during World War II and are found in the chemical literature. 
Thus cyclonite is abstract-listed as RDX (Research Department Explosive) and 1,7- 
endomethylene-3,5-dinitro-l,3,5,7-tetrazacycIooctane, (124) is listed as DPT or DNPT. 
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possible participation by 138, was the discovery 117 in the precipitated 
gum of 3-nitramino-2-nitro-2-azapropylamine nitrate (141), which 
may be its decomposition product. 

However, the reactions of 138, are indirectly significant to the 
chemistry of the polymethylenenitramines. Although it seems not to 
participate in the formation of 113 from 125, 138 can be converted to 
113 by treatment with acetic anhydride (equation 81). This con¬ 
version is not unexpected since it ought to be a salt of a weak amine. 
As the free amine it is unstable and it decomposes to give formaldehyde 
and 141 which reacts with unchanged 138, to form methylene-iw-1- 
[3,5-dinitro-l,3,5-triazacyclohexane] (142). Also it decomposes in 
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alkaline solution to give a (barium) salt which is that of dinitro- 
aminomethane (143). 

Although 142 is also an artifact not found in the nitration system 
its reactions contribute to a knowledge of the reaction mechanism. 
Treatment with acetic anhydride yields 1-acetyl-3,5-dinitro-l,3,5- 
triazacyclohexane (144) and 3,5-dinitro-3,5-diazapiperidylmethyl 
acetate (145). Treatment of these compounds with nitric acid and 
acetic anhydride yields 113 and l,7-diacetoxy-2,4,6-trinitro-2,4,6- 
triazaheptane (146). As would be expected the same products are 
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obtained when 142 is treated with the same nitrating system, i.e. 
nitric acid and acetic anhydride. 

Compound 142 undergoes an interesting transformation when it 
is melted. Gas is evolved which may initially have been 2 equivalents 
of the unknown methylenenitrimine ( 112 ) but which appeals as 
nitrous oxide and formaldehyde. The melt resolidifies after gas 
evolution has ceased and the solid is 124. This rearrangement has 
been depicted as fission of bonds r and s (equation 81). The inter¬ 
mediate 147 suffers loss of formaldehyde and nitrous oxide and the 
remainder, 148, recyclizes to 124. It is possible that some unimolec- 
ular decompositions of this type occur in the various nitration 
systems. 

B. Polynitrimines from Acetic Anhydride and Nitrates 

The Hale nitrolysis of hexamethylenetetramine (125) in absolute 
nitric acid is undesirable from three aspects. First it employs a large 
excess of an acid which is difficult to make, most of which has to be 
recovered as nitrogen oxides and resynthesized. Secondly as was 
mentioned before, the spent liquors must be re-worked at once as a 
matter of safety. Third and most significant, half of the methylene 
groups in 125 are lost in the process. In consequence the information 
from British Intelligence that the German made cyclonite (113) from 
acetic anhydride and ammonium nitrate induced Ross and Schiessler 
to devise the process using paraformaldehyde which turned out to be 
the German process devised by M. Eble. However, the yield was 
about the same on the methylene basis as that obtained by the Hale 
nitrolysis. Then the idea of a ‘combination’ process was conceived 
by Werner Bachmann 118 in which the Hale nitrolysis of 125 would 
occur first and the remaining methylene would be converted to 113 
by the Ross-Schiessler route. This concept was faulty only to the 
extent that it included the mechanism involving methylenenitramine. 
In the practical sense it was successful and, indeed, was found after 
the cessation of hostilities to be'identical with the Knoffler-Eble 
process 113 which had been devised in Germany before 1936*. 

Although the Bachmann-Knoffler-Eble process gave nearly 
twice the yield of 113 on the methylene basis than did the Hale nitrol¬ 
ysis it was very difficult to control. Three feed streams: acetic 


* Knoffler originally introduced a variation of the Hale process in which ammonium 
nitrate was included with the nitric acid and 125. Later these reagents plus acetic anhy¬ 
dride were combined to the Knoffler-Eble process. 
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anhydride, 125 in acetic acid, and ammonium nitrate in nitric acid 
had to be proportioned closely in order to obtain a maximum of 113 
and a minimum of byproducts. The reasons for this control were not 
understood until it became apparent that the actual resynthesis step 
in the Bachmann-Knoffler-Eble process (and the synthesis step in the 
Ross-Schiessler process!) is the synthesis of 125 from formaldehyde 
and ammonium nitrate. 

Although several studies 119-121 have been made of the con¬ 
version of ammonia and formaldehyde to 125 it was not known 
that the synthesis would occur in acidic media until the work of 
Baur and Ruetschi 122 . Acting on this information Winkler and 
coworkers 123 found that it is formed from paraformaldehyde and 
ammonium nitrate in acetic acid. Unfortunately for unequivocal 
proof the observation cannot be extended to a medium containing 
acetic anhydride because 125 reacts with it. However, a study of the 
byproducts of the reaction shows that they must have been formed 
from 125. 

The proportionate feeds of the reaction must be adjusted so that 
acetolysis and acetylation are minimal and nitrolysis is maximal. If 
too much acetic anhydride is present formaldehyde is converted to 
methylene diacetate which is ineffective toward regeneration of 125. 
In like manner each hydroxymethyl terminus formed from nitrolysis 
must be made to demethylolate before it can acetylate; otherwise 
that fragment is fixed as a valueless byproduct. The demethylolation 
is favored at about 90° at which the acetic acid medium is maintained. 
If the reaction temperature is lower and if the concentration of acetic 
anhydride is high the amounts of byproduct increase at the expense 
of 113 yield. The reaction sequence is almost the same as that outlined 
for the Hale nitrolysis. 

The desirable course of reaction commencing with the normal 
dinitrate salt of 125 involves first nitrolysis at b, b' leading to 127 
(equation 82). Subsequent nitrolysis at e gives 113 and trimethylol- 
amine. The latter seems not to be a building block for 125 121 but it 
may be expected to demethylolate to suitable structural units. 
Significantly its trinitrate or triacetate has not been found among the 
byproducts. 

Unfortunately for a smooth reaction, nitrolysis alternative to that 
at e may occur, for instance at k. Besides the ubiquitous dimethanol- 
nitramine the product of low temperature nitration 130 will be 
formed. If ester formation (nitrate or acetate) does not occur it, too, 
will nitrolyze (or demethylolate and nitrate) to 113. But if it does 
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esterify then nitrolysis at f may occur to give 134. In a system rich 
in acetic anhydride this appears principally as the diacetate ester 
although it has also been detected as the mixed nitrate-acetate ester. 
If 134 is not esterified then it decomposes to formaldehyde and 
nitrous oxide via 135 and 114. At any rate ring nitrolysis at/with¬ 
draws the methylene groups from direct conversion to 113. Unless 
they are fixed by esterification these methylene groups appear as 
formaldehyde; thence by re-formation of 125 they go through the 
circuit again.* 

The conditions of nitrolysis are somewhat milder in acetic acid, 
by contrast to absolute nitric acid, even in consideration of a dif¬ 
ference in temperature. The result seems to be the possibility of 
mononitrolysis at a followed by demethylolation at a and subsequent 
nitration. At least this is a reasonable sequence to explain that more 
of 124 is formed in the Bachmann-Knoffler-Eble process than in 
the Hale process. Further nitrolysis of this product at h , h leads to 
more of the contaminant 126 than is obtained by the Hale nitrolysis. 
Indeed when 126 is the desired product its yield may be increased 
by further amelioration of reaction conditions; this leads to more of 
the intermediate 124. Of course some of 124 can nitrolyze at g and m 
and this may appear as the diacetate ester of 1,9-dihydroxy-2,4,6,8- 
tetranitro-2,4,6,8-tetrazanonane (129). If it does not esterify then it 
joins the decomposition circuit back to formaldehyde. Incidentally 
the unravelling to give 129 can occur also by nitrolysis of 127 at 
d. and f. If esterification occurs 129 will be isolable either as the 
diacetate or the mixed nitrate-acetate. 

These nitrolyses have been described in terms of the mechanism 
involving nitronium hydroxide (see equation 77). The hydroxyl ion 
is a requirement of this mechanism but its presence in the anhydrous 
system presents a quandary. It would seem that the proposed 
mechanism is inapplicable in acetic anhydride and two alternatives 
are possible. The reaction of nitric acid and a methylenediamine 
proceeds molecularly and not ionically (equation 83). However, the 


* On the basis of tracer experiments by use of C 14 and N 16 , T. C. Castorina et al. ( J. Am. 
Chem. Soc., 82, 1617 (1960) and Ind. Eng. Chem. Prod. Res. Develop., 4, 170 (1965)) have 
suggested, instead of the nitrolysis and resynthesis postulated above, that 125 and 124 
undergo non-selective degradation to fragments such as H0CH 2 NHN0 2 which then re¬ 
assemble to 113 and 126. Although the conditions of their reactions and their yield 
calculations make direct comparison with the Bachmann-Knoffler-Eble process difficult 
it would appear that their results are not contradictory to the nitrolysis-resynthesis 
postulation. 
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known chemistry of Mannich bases (of which 125 is one) favors 
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ionic rather than molecular reaction. In the more plausible (ionic) 
alternative the significant ion cannot be nitronium but rather is 
nitracidium ion. Without specifying the exact structure of the 
hydrated nitronium ion the nitrolysis may be depicted as in equa¬ 
tion (84). 
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This mechanism conforms with the facts of the reactions leading 
directly to 113. It is neither necessary nor especially plausible for the 
reaction leading to the linear polymethylenenitrimine diester by¬ 
products. These may be explained adequately by the nitronium ion 
mechanism (see equation 77). 

In fact there is evidence to support involvement of either a molec¬ 
ular nitrating species or else nitronium ion in certain steps of the 
overall synthesis. For example methylene-iz'.f-dinitrodiazacyclo- 
hexane (142) reacts with benzoyl nitrate 124 in dry acetone to yield 
113. Although acetyl nitrate does not react with 125 in chloroform 
solution it does react in acetic acid. The recognizable product when 
2 equivalents of acetyl nitrate are used is 124 while the product from 
almost four equivalents of acetyl nitrate is l,9-diacetoxymethyl-4- 
aceto-2,6,8-trinitro-2,4,6,8-tetrazanonane, 149 125 (equation 87). This 
substance may be obtained also by use of nitric acid and acetic 
anhydride at 40° and it will be discussed later. In the present instance 
it would appear that nitrolysis occurs in presence of acetyl and 
benzoyl nitrates, which may react either molecularly (as nitryl 
esters) or else as nitronium salts (ions or ion pairs). In either event 
the products will be esters such as 149. It is tempting to consider that 
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nitracidium ion leads to the hydroxymethyl-terminated byproducts, 
while nitronium ion leads to their esters. The expectation that in the 
systems containing much acetic acid there is more nitracidium salt 
than nitronium salt supports such a speculation, because ester 
formation is ordinarily minimal in the synthesis of 113 from 125 
where much acetic acid is present. 

However, if one postulates nitronium ions one must also postulate 
acetonium ions in these acetic anhydride systems. For example the 
formation of 149 from 124 would seem to require a simple equili¬ 
bration of acetyl nitrate (equation 85); 

2 N0 2 0C0CH 3 v- — N 2 O s + Ac 2 0 (85) 

or else reaction of acetyl nitrate with acetic acid (equation 86) 

NO a OAc + HOAc ' HN0 3 + Ac a O (86) 


to give acetolysis (Ac—OAc) at w and nitrolysis (NO„—■ OAc) at 
x (equation 87). 

H„ NO, 
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The acetolysis with acetic anhydride has already been mentioned 
in the conversion of 142 to the acetate ester 145 and 144 (equation 81). 
Indeed 125 itself was shown long ago 126 to undergo acetolysis to 
l,5-endomethylene-3,7-diaceto-l,3,5,7-tetrazacyclooctane (150). 

Compound 150 has not been treated with acetyl nitrate, but with 
acetic anhydride and nitric acid it undergoes only nitrolysis, first at 
w in the methylene bridge and then at x to give l,9-diacetoxy-2,6- 
diacetyl-4,8-dinitro-2,4,6,8-tetrazanonane (151) (equation 88). The 
structure assumed for 151 depends, unlike the other tetrazanonanes 
in the series, on which of the linkages of the parent bicyclotetrazano- 
nane is first solvolyzed. However, according to experience it is 
always the bond in the methylene bridge which first is broken. One 
of these experiences is exemplified by the reaction of nitric acid and 
dinitrogen tetroxide with 150 126 where the entire methylene is 
removed. The structure of this nitroso-nitro derivative 152, is simply 
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proven by persulfate oxidation 127 to l,5-diacetyl-3,7-dinitro-l,3,5,7- 
tetrazacyclooctane (153), which in turn in absolute nitric acid 
becomes either 1 -acetyl-3,5,7-trinitro-1,3,5,7-tetrazacyclooctane 
(154) or 126, depending on the temperature of the reaction (equa¬ 
tion 89), 

It will be recalled that acetolysis of 125 leads to 150. If this sub¬ 
stance is treated under conditions of the Bachmann-Knoffler-Eble 
reaction with nitric acid, ammonium nitrate and acetic anhydride 
then besides 113 and 126 one may isolate small yields of 153 and 
144 by nitrolysis of 150 at w, y, x, and z, respectively (equations 
88-89). It may be presumed that the presence of 144 in Bachmann- 
Knoffler-Eble reaction systems arises from the acetolysis product 150 
of 125. No doubt 144 would be more prevalent in these systems were 
it not for its conversion by nitric acid to 113. For the same reason 153 
is not found because likely it is converted to 154 or 126. 

As has been shown above, certain polymethylenenitrimines can 
be formed from 125 by several reaction paths. Likewise some acetyl 
analogues can arise by processes other than acetolysis. This is the 
case for 154, which seems to be formed from 1-acetamidomethyl- 
hexamethylenetetramine nitrate (155) 128 ; at least conditions pro¬ 
pitious for its formation are those which yield 154 (equation 90). 

Inspection of formula 155 shows that acetamide must have been 
involved in its synthesis. In order to ascertain whether acetamide 
could be formed in the Bachmann-Knoffler-Eble system ammonium 
acetate was treated with 125 in acetic anhydride to give an 83 % 
yield. Also ammonium nitrate reacted with acetic anhydride but this 
reaction was much slower and the yield (7 %) was low. When either 
of these reaction systems included nitric acid no acetamide was 
formed. Therefore the formation of 155, ought to be favored by a 
high ratio of ammonium nitrate and acetic anhydride to nitric acid 
in the Bachmann-Knoffler-Eble reaction system. 

Actually 155 may be prepared under such conditions. Good 
yields are obtained when 125 mononitrate, acetamide and para¬ 
formaldehyde react in acetic acid, and combinations involving 
ammonium nitrate and acetic anhydride are also effective 129 . The 
structure as a quaternary salt has been amply demonstrated, 
finally by the inactivity of the salt towards diazomethane. 

There is good evidence that this quaternary salt is the progenitor 
of 154. Since formation of the quaternary salt is inhibited by nitric 
acid and yet requires this acid for conversion to 154, there must be an 
optimum amount of nitric acid for highest yield. This has been 
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found to be the case. The yield of 154 also is enhanced by additional 
acetamide in the system. Finally when propionamide is added to the 
system comprised of acetic acid, its anhydride, ammonium nitrate 
and nitric acid together with 125 (the Bachmann-Knoffler-Eble 
reagents), the product is l-propionyl-3,5,7-trinitro-l,3,5,7-tetra- 
zacyclooctane, instead of the acetyl homologue 154. 

The case for acetamide involvement in the function of acetyl or 
propionyltrinitrotetrazacyclooctane is thus well-founded but the 
mode of transformation is not readily apparent. One may speculate 
that an uncommon rearrangement occurs. If the quaternary salt 
undergoes rearrangement to l,5-endomethylene-3,7-endo-[2'-aceto- 
2'-aza-l,3-propylidene]-l,3,5,7-tetrazacyclooctane mononitrate (156) 
then nitrolysis at z, z leads to l-dimethanolaminomethyl-5-acetyl- 

3.7- dinitro-l,3,5,7-tetrazacyclooctane (157) (equation 90). If am¬ 
monium nitrate is included with the nitric acid, acetic acid and its 
anhydride then terminal esterification is prevented and the dimeth- 
anolaminomethyl group is demethylolated and deaminated. The 
final result is nitrolysis at 6 with formation of 154. In absence of 
ammonium nitrate esterification occurs followed by nitrolysis at y> 
and at cf>, leading to a good yield of 149, and a fair yield of dimeth- 
anolnitramine diacetate (117). It will be recalled that 149, which 
here has been produced as a consequence of acetamide formation 
also has been obtained by acetolysis and nitrolysis of 124 by use of 
acetyl nitrate. Thus, as might be expected in this polymethylene- 
nitrimine chemistry a single product may be formed by several 
distinct paths. Yet certain substances are conspicuously absent; for 
example, 124 cannot be found when 155 is treated with the Bach- 
mann-Knoffier-Eble reagents. Conversely a detectable amount of 
153 cannot be found when 150 is treated with the same reagents. 
It is the fact that the mechanism of reaction is best ascertained by a 
careful search for the substance that could not be formed from the 
chosen mechanism. 

There are several methods for preparation of 113 free from any of 
the byproducts that have been mentioned above. The first of these 
involves oxidation of l,3,5-trinitroso-l,3,5-triazacyclohexane (158). 
This substance is obtained, usually together with 1,5-endomethylene- 

3.7- dinitroso-l,3,5,7-tetrazacyclooctane (159) by treatment of hexa¬ 
methylenetetramine with nitrous acid (equation 91). 

When 158 is freed from its impurity it may be converted to very 
pure 113 by adding it to a nitric acid-hydrogen peroxide system at 
—40° (inflames at higher temperatures) and allowing the solution 
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to warm to room temperature. Of interest is the fact that if the reac¬ 
tion system is quenched by pouring it at —40° onto ice the product 
is entirely l-nitroso-3,5-dinitro-l,3,5-triazacyclohexane (160). It 
would seem that reaction at only two of the three nitrogen atoms in 
the triazacyclohexane ring is characteristic whether nitrolysis of 
125 or nitroso oxidation is involved. As might be expected the re¬ 
activity is a matter of degree, and 160 may easily be converted to 113 
by the identical oxidizing system. 

NO 

H,C-N-CH„ CH„—N 


NNO + ONN 
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CH„—N 
NO 

(158) 
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The second process for 113 without byproducts is named after 
Wolfram, its inventor. Equations 92-94 have been suggested as 
representative of the process 109 . Potassium methylene sulfamate, a 
CH a O + H 2 NSO a K ->- CH 2 =NS0 3 K + H a O (92) 

CH 2 =NS0 3 K + HNOg S ° 3 > GH 2 =NN0 2 + KHS0 4 (93) 

3 CH 2 ==NN0 2 -> 113 (94) 

common chemical, is treated with absolute nitric acid in inhibitor- 
stabilized liquid sulfur trioxide, presumably to form methylene- 
nitrimine. The yield and quality of the cyclonite supposedly formed 
by cyclotrimerization is excellent. Limitations of the process are 
availability of the sulfur trioxide monomer, control of its reaction 
with absolute nitric acid, and disposal as fertilizer of the potassium 
acid sulfate in the waste liquors. 

In view of evidence cited above against methyl enenitrimine as an 
intermediate, the reaction has been reinvestigated 130 . It has been 
found by molecular weight determinations that the salt called 
potassium methylene sulfamate actually is tripotassium 1,3,5- 
triazacyclohexane-1,3,5-trisulfonate (161). Therefore 113 is probably 
formed by exchange of potassiosulfonyl cation by nitronium ion on 
the preformed triazacyclohexane ring (equation 95). Incidentally 
the use of phosphorus pentoxide instead of sulfur trioxide provides 



N 

SO,K 

(161) 

a much more workable process because its admixture with nitric 
acid is less violent than that with sulfur trioxide. Moreover 113 is 
stable in phosphoric acid but not in sulfuric acid, and either of these 
acids may be present if water is not excluded rigorously. 


X. PHYSICAL PROPERTIES OF NITRAMINES 
A. Vibrational Spectra 

Raman studies account for the earliest vibrational spectra of 
nitramines. Frequencies were assigned 131 for the NNO a group in 
iV-methylphenylnitramine. Later methylnitramine (molten) and 
its ammonium salt (solid) were examined 132 by Wittek who concluded 
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from similarities between the two that the isonitramine struc¬ 
ture was predominant. In the same year from a crystal of 113 
assignments 133 were made for deformation (676 cm -1 ), symmetrical 
stretch (1212 cm -1 ), and antisymmetric stretch (1572-96 cm -1 ). 

In 1948 Kohlrausch and Wittek presented a more complete 
study of primary nitramines and their salts, also of secondary nitra- 
mines as well as nitrourethanes and their salts. From a comparison 
of these results Wittek’s opinion was revised against the isonitramine 
structure for primary nitramines. 

The Raman spectrum of nitramine itself was described in the 
latter paper but a more elaborate report of nitramine and its methyl 
derivatives appeared later 134 together with the corresponding 
infrared data. An abbreviated comparison of the two spectral types 
is shown for nitramine in Table 2. Assignments have been facili¬ 
tated by use of deutero-nitramine. Similar spectra and assignments 
were made for methyl and dimethylnitramine. It was concluded 
that these substances were molecularly planar due to /(-orbital 
overlap. 

Several studies confined to infrared measurements have been made 
for purposes of characterization and group identification. Some of 
the secondary aromatic nitramines were examined 136 and 19 nitra- 
mide and nitramidine types were studed in detail 136 to show the 
variance in the principal NO a bands at 1500-1600 and 1200— 
1300 cm -1 . Also the spectra of 10 aliphatic secondary nitramines 
have been reported 137 without spectra assignments. 

An attempt has been made to distinguish nitramines and the 
isomeric nitrimines by infrared spectroscopy 138 but in one instance 
the assignment of the nitrimine structure does not seem to correlate 
with studies using diazomethane 31 which seem to show that the 
nitration product of 2-aminothiazole (7) is the nitramine, 8. 

The importance of infrared spectroscopy as an analytical method 
for nitramines is obvious because their explosive properties render 
melting points and thermal analyses undesirable criteria, especially 
for production control. Moreover many nitramines decompose at 
their melting points, especially at elevated temperatures. HMX, 
( 126 ) is such a substance (m.p. 278°, decomp.) the presence and 
amount of which must be known when it occurs as an impurity in 
commerical 113 . 

The analysis for 126 in 113 involves the crystalline mixture in 
nujol mulls or potassium bromide wafers. In common with many 
nitro compounds there are at least four crystalline forms of 126 . 
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Ordinarily this multiplicity would not be troublesome because the 
IR spectra of polymorphs resemble one and another closely 139 . 
However, the several crystalline forms of 126 gave spectra so 
distinctive that they could not be classified as simple polymorphs. 


B. Ultraviolet Spectra 

The introduction of ultraviolet spectroscopy overlapped the 
period of popularity which nitramine chemistry enjoyed at the 
beginning of the century. Consequently as early as 1908 ultraviolet 
and visible spectra of nitramine and substituted nitramines were 
reported in the literature. The extent of these reports and the useful¬ 
ness for analytical purposes prompts a separate bibliography as 
follows: 

Nitramines, Ultraviolet (1908) 140 . 

iV-4-dimethyl-2,6-dinitrophenylnitramine, Visible (1911) 141 . 
iV-4-dimethyl-2,6-dinitrophenylnitramine, Ultraviolet (1912) 142 . 
Picrylmethylnitramine (Tetryl), Ultraviolet (1913) 14S . 

Copper salts of methyl- and ethylnitramine, Ultraviolet (1913) 144 . 
Nitroguanidine and aminonitroguanidine, Ultraviolet (1929) 146 . 
Nitramine, methylnitramine, and dimethylnitramine, Ultraviolet 
(1940) 14s . 

V-methyl-2,4-dinitrophenylnitramine, Ultraviolet (1948). 148 
Primary and secondary nitramines and nitramides, Ultraviolet 
(1948) 76 . 

All types, prime reference, Ultraviolet (1949) 149 . 
Trishydroxymethylnitramine and its salts, Ultraviolet (1949) 150 . 
Nitramines, nitrocarbamates, and salts, Ultraviolet (1951) 151 . 

Linear and cyclic nitramidines, Ultraviolet (1951) 152 . 
5-Nitraminotetrazoles and their salts, Ultraviolet (1951) 153 . 

Primary nitramines and polynitrimines, Ultraviolet (1951) 154 , 

Polynitrimines, Ultraviolet (1952) 155 . 

Nitroguanylhydrazones of aldehydes, Ultraviolet (1952) 15 ®. 
Nitramidines, Ultraviolet (1953) 157 . 

These studies seem to have been made purely for purposes of 
product identification. Essentially no interpretation of the electronic 
spectra have been made. 
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C. X-Ray Diffraction 

Besides the ones mentioned on page 619, there have been several 
single-crystal studies reported. In 1947 Costain and Cox 158 made a 
partial study of dimethylnitramine, from which they concluded that 
the molecule was a planar resonance hybrid with appreciable 
nitrogen-nitrogen double bond character. Later the parameters of 
nitramine were measured 159 . 

The nitrimino structure for nitroguanidine has been confirmed by 
a single-crystal study 160 . A polynitrimine, HMX has also been 
examined 161 . Structural analysis of several of the crystalline modi¬ 
fications has confirmed the suspicion raised by infrared studies that 
these modifications involve conformational differences rather than 
simple polymorphism. 

An attempt has been made to determine the structure of N,N'- 
dinitropiperazine but the facilities for calculation available at the 
time were inadequate for a complete determination because of an 
apparent asymmetry 162 of the molecule 137 . 

The small amount of sample required for X-ray diffraction of 
powders makes characterization even safer than does infrared spectral 
analysis. Moreover polymorphism is common among nitro compounds 
and the difference in spectra among true polymorphs is minimal. 
By contrast the X-ray powder diagrams are distinctive and have 
been recorded in a number of instances. Ethane-1,2-dinitramine, 
nitroguanidine, bis-nitroxyethylnitramine, cyclonite, HMX-I and 
l-acetyl-3,5,7-trinitro-l,3,5,7-tetrazacyclooctane have been char¬ 
acterized in this manner 163 . The powder diagrams of the crystalline 
modifications, HMX-I, II, III and IV have been determined (as 
well as an HMX-dimethylformamide 1:1 complex) for identification 
and for proof that there was no conversion of these ‘polymorphs’ 
from the less stable to the more stable during determinations of 
spectra and dielectric constant 139 . Actually most of the crystalline 
nitramines synthesized by G. F Wright and his co-workers have been 
characterized by powder diagrams. 

D. Nuclear Magnetic Resonance Spectra 

Only one publication has appeared in which the JV-nitro type of 
compound has been examined by NMR. This is a study of simple 
nitramine 164 and of nitrourethane. The authors conclude that the 
protons are of the amino type. 
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£. Electrical Polarization 

The assignment of the nitrimide structure for nitroguanidine by 
Kumler and Sah 98 and for nitriminoimidazolidine (83) and nitro- 
nitriminoimidazolidine ( 94 ) by Kumler 100 has already been men¬ 
tioned. The remainder of electrical polarization studies may be 
found in a summary published about nitro compounds, in which 
nitramines and polynitrimines are discussed 165 . The N—NO a ‘group 
moment’ is large (4.4—4.6 d) despite the degeneracy that is apparent 
from other physical measurements. In consequence the measure¬ 
ment of dielectric constant can be precisely informative. 

The electrical polarization of electron-nucleon reactance with the 
field may be measured by use of crystalline solids 166 ' 139 because the 
crystal lattice restriction prevents a dipolar substance from orienting 
itself with respect to the electric field. If, then, a measurement is 
made of this substance in solution where total polarization (P T ) is 
the sum of electron-nucleon (P E + P A ) and orientation (P 0 ) 
polarization then the latter may be determined precisely according 
to equation (96). 

Po = Pt “ (Pjt + Pa) (96) 

From this orientation polarization an evaluation of the dipole 
moment (from which P 0 originated) can be made. According to 
Debye the moment, fi in Debyes, is given by equation 97, 

H = 0.012812 x 10 -18 VPo ( a bs temp) (97) 

and is commonly thought to be in error only to the extent that the 
solvent is polarized by the solute dipole. 

Characteristic parameters are listed for aliphatic nitramines in Table 
3. The measured density is needed for calculation of P D (electron 
polarization, P E ) and P B+A (electron-nucleon, distortion polariza¬ 
tion) from the refractive index and dielectric constant, respectively. 
P D -additive is calculated from Eisenlohr-atom 167 and Vogel- 
bond 168 values. By subtraction of P D from P T the moment may be 
calculated but it will be in error to the extent that atom polarization 
is not included in the refractive index measurement since R is 
determined in the electronic frequency range where the nucleons 
cannot follow the alternating field. These nucleon reactances (at 
infrared frequencies) are included with electron reactances (P B + 
P A ) at radio frequencies. Therefore the moment values in the last 
column of Table 3 are the more accurate, although when moments 
are large the difference is minimal. 
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The large moment of the nitramino group, exemplified by the 
first six items of Table 3 is a useful device for evaluating conforma¬ 
tion in substances containing several of these groups. For example 
cyclonite oxide ( 136 ) cannot be planar else its moment would be 
about 4.6 d — 1.3 d = 3.3 d (2 x 4.6 cos 60° — 2 X 1.3 cos 60°) 
instead of the 5.64 d observed. Likewise the moment of cyclonite 
would be zero, if planar, instead of 5.78 d. However, a more elaborate 
analysis of these conformations is inadvisable with the data available 
when the behavior of A r ,A 7 '-dinitropiperazinc is examined. 



( 163 ) ( 162 ) 


If this substance existed simply in a chair conformation its moment 
ought to be zero. In fact at 20° in dioxane solution a value of 2.21 d 
has been found. This moment also cannot be explained by assump¬ 
tion of the boat form 162 which would be expected to have a 
moment of about 4.5 d. Distortion of either chair or boat would 
result in a moment of intermediate value such as the 3.52 d found 
for A r -methyhiitraniino-izj-ethane ( 163 ). However, the facts seem 
to show another complication in the variance of moment (2.21— 
2.68 d) with respect to a temperature difference of 20-40°. This 
variance is unexpected in terms of equation (97) since translational 
energy is presumed to be compensated by the temperature factor. 
In any case the higher the temperature the lower should be the polari¬ 
zation because thermal agitation ought to disorient the dipole, 
whereas the data in Table 3 show that the polarization of dinitro- 
piperazine increases at higher temperatures. 

Because of this abnormal behavior with respect to ambient 
temperatures it is assumed that the piperazine ring is neither boat 
nor chair. Instead it exists in a flexible conformation 162 in which the 
contributing isomers 137 may be summarized in terms of two extremes. 
The one of high moment is examplified by the boat form 162 , 
and the other of low or zero moment, is shown as 164 (R — oxygen 
atom) and has been called the extended form 169 . 
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Moreover this flexibility is assumed to correspond to a con¬ 
formational frequency of which 164 is the unexcited and 162 is an 
excited species. This frequency would seem to be close to that of the 
ambient ‘thermal’ region where radiation is so intense that a portion 
of the molecules not much less than 50 % are excited at 20° and the 
population will increase if excitation frequency ‘peaks’ at a higher 
temperature. It is assumed that these induced dipoles will contribute 
to the observed moment. 

Ostensibly-centrosymmetric substances like benzoquinone 170 and 
diphenylmercury 171 which exhibit a temperature-variant dipole 
moment show strong absorptions at 117 and 100 cm -1 respectively. 
In view of these absorptions in the ‘thermal’ range for condensed 
systems it is not unexpected to discover that A, iV'-dinitropiperazinc 
absorbs strongly at 123 and also at 102 cm" 1 . 

Inspection of Table 3, Entries 3, 5, and 6 show that nitramines 
of high dipole moment are found to have distortion polarizations, 
(P B+A measured in the solid state) which are 8-11 cc greater than the 
P E (Pd) calculated from atom 187 or bond polarizabilities. 168 The 
difference, attributable to reactance of nucleons in their electron 
matrix (so-called atom polarization, P A ) indicates a relationship 
between this part of the distortion polarization and the orientation 
polarization of highly-polar substances. 

Table 3 shows that P A , 13.9 cc for iV-methylnitramino-£A- 
ethane (163) indicates some additivity of the polar effects. However, 
P A for l,3-dinitro-l,3-diaza-5-oxacyclohexane (136) is zero, while 
for cyclonite (113) and iV, iV'-dinitropiperazine it is relatively low 
(3.3-3.7 cc). From these values it is evident that the effect on P A of 
polar groups is algebraically additive with consequent diminution 
of P A when the groups are symmetrically opposed. 

This property has been utilized in order to attempt an under¬ 
standing of the difference between the crystalline forms (HMX-I, II, 
and III) of this polynitrimine. At 23° the differences between the 
calculated P B (R v ) of 58.3 cc and the P E+A calculated from dielectric 
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constants are 5.3, 28.7 and 21.2 cc, respectively. Assuming the con¬ 
cept of dipole apposition the following approximate conformations 
ol HMX—II, HMX—III and HMX—I are suggested. 



HMX—II (Pa, 28.7 cc) 


0 2 x—N 

HMX—III(P A , 21.2 cc) 

no 2 

i 


I I 

no 2 no 2 

HMX—I(P A , 5.3 cc) 

These conformational assignments alone do not explain the unusual 
spectra mentioned above because they could be a consequence of 
polymorphism, whereas the spectra indicate that other effects are 
involved. In order to rationalize the spectra and to decide whether 
polymorphism or another phenomenon is involved, the temperature 
coefficient of ,P E+A was examined. Distortion polarization ought to 
be temperature-independent because the polar groups in the crystal 
are not disoriented by translational motion. Indeed Table 4 shows 
for the first 5 compounds (all with appreciable P A ) that over a 68° 
temperature range P E+A is constant within experimental error. 
Likewise HMX—I for which a highly symmetrical conformation 
has been chosen shows A ((Pa } just outside experimental error. 
However, the variance for HMX—II and HMX—III (1.2—1.3 cc) 
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Table 4. Distortion polarization at +28° (fj) versus that at —40° (£ 2 ). 


Substance 

t(°C) 

e 

7„ 20 

Fj) (cc) 

(*2 h) 

Anthraquinone 

‘i 

3.200 

1.421 

62.0 



h 

3.217 


62.3 

+0.3 

Zirconium acetylacetonate 

h 

2.937 

1.412 

135.3 



h 

2.938 


135.4 

+0.1 

Hexachlorobenzene 


2.832 

2.044 

52.8 




2.839 


52.9 

+0.1 

Sodium chloride 

fi 

6.125 

2.165 

17.1 




5.944 


16.8 

-0.3 

Potassium chloride 

h 

5.040 

1.984 

21.6 



< 2 

4.927 


21.3 

-0.3 

HMX-I 

h 

3.087 

1.91 

63.6 


P A = 5.3 cc at 23° 

h 

3.118 


64.1 

+0.5 

HMX-II 

t 1 

4.671 

1.87 

87.0 


P A = 28.7 cc at 23° 

h 

4.544 


85.8 

-1.2 

HMX-III 

h 

3.868 

1.82 

79.5 


P A = 21.2 cc at 23° 

h 

3.776 


78.2 

-1.3 


indicate strongly that within the confines of the space that they 
occupy in their crystals they are undergoing conformational libera¬ 
tion of specific frequency which may be dependent on but not directly 
related to the lattice motion. The spectra in the 100 cm -1 region are 
much more difficult to interpret than that for AW'-dinitropiperazine 
but they seem to indicate a similar behavior of dynamic conformation. 

At the beginning of this chapter it was pointed out that nitramines 
were originally important substances for theoretical organic chemical 
studies. But such interests gradually decreased. Thereafter nitramines 
and their congeners received scant attention except when they were 
needed as military explosives. However, the recent developments in 
respect of their physical properties may once more make nitramines 
important for theoretical studies. 
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hexadiene nitronates, decomposi¬ 
tion of, 451 

Alkyl fluoroborates, use of in O-alkyla- 
tion of nitronate salts, 417-422 
Alkyl nitrates, in preparation of nitro 
compounds, 310-314 
reaction of with base, 313 
Alkyl nitrites, O—N=0 bending vibra¬ 
tions of cis form, 146 
O—N=0 bending vibrations of trans 
form, 146 

Alkylnitrobenzenes, infrared spectra of, 

87 

Alkyl nitrobenzoates, electronic absorp¬ 
tion spectra of, 103 
2-Alkyl-2-nitroso-l-indanones, ring 
expansion of, 259 
Ambident anions, 429 
m-Aminonitrobenzene, electronic absorp¬ 
tion spectrum of, 98 

o-Aminonitrobenzene, electronic absorp¬ 
tion spectrum of, 99 
(5-Aminonitrobenzene, coupling 
constants of, 109 

^-electronic absorption spectrum of, 97, 
100 

1E N chemical shifts in, 111 
proton chemical shifts of, 109 
l-Amino-2-nitrocyclopentanecarboxylic 
acid, 320 

l-Amino-5-nitropentane, 328 
Aminonitropyridines, electronic absorp¬ 
tion spectra of, 102 
p-Aminonitrosobenzene, 258 
Amyl 2,2-dimethyl-5-nitrohexanoate, 312 
Amyl 2-methyl-5-nitrohexanoate, 312 
Amyl nitrite, N=0 stretching vibration 
frequency of, 139 
Amyl 10-nitrodecanoate, 312 
Amyl 12-nitrododecanoate, 312 
Amyl 7-nitroheptanoate, 312 
Amyl 6-nitrohexanoate, 312 
Amyl 9-nitrononanoate, 312 
Amyl 8-nitrooctanoate, 311, 312 
Amyl 5-nitropentanoate, 312 
/z-Anilinonitrosobenzene, 280 
Anthrone-10-nitronic acid, 416 


Aristolochic acid, natural occurrence of, 
325 

Aromatic nitroamino compounds, elec¬ 
tronic absorption spectra of, 102 

Aromatic nitrocarboxylates, nucleophilic 
displacement of ester group from, 
572-573 

Aromatic nitro compounds, see also 
Nitroaromatics 

asymmetric and symmetric stretching 
frequencies of, 85-88 
C—N stretching frequency of, 89 
electronic absorption spectra of, 

94-102 

infrared spectra of, 85-88 
light-catalyzed intramolecular rear¬ 
rangements of, 185-191 
magnetic properties of, 54-58 
photoinduced nucleophilic substitu¬ 
tion of, 200-202 
Raman spectra of, 85-88 
relative leaving abilities for various 
substituents in nucleophilic dis¬ 
placements of, 543 

Aromatic nitro group, activating effect 
in halogen displacement re¬ 
actions, 492-494 

importance of intramolecular hydro¬ 
gen bonding in, 497 

Aromatic nitrophosphates, nucleophilic 
displacement of phosphate group 
from, 572-573 , 

Aromatic nitroso compounds, amine 
zwitterions of, 258-259 
formation of nitroxides by irradiation 
of, 203-205 

magnetic properties of, 54-58 
n- it* transitions of, 147-148 
nucleophilicity of, 271-272 
tt-t* transitions of, 151 
stabilization of monomer by reso¬ 
nance, 253 

substitution reactions of, 283-284 

Aromatic C-nitroso compounds, ir ab¬ 
sorption of cii-dimer, 141 
ir absorption of tram-dimer, 141 
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Aromatic nitroso zwitterions, O-acyla- 
tion of, 258 
O-alkylation of, 258 
Aromatic nitrosulfonates, nucleophilic 
displacement of sulfonate group 
from, 572-573 

Aromatic nitroxides, magnetic properties 
of, 68-69 

Aromatic nucleophilic substitution, rela¬ 
tive activating power of o-, m-, 
and p-nitro groups, 493 
a-Arylazonitronic esters, 424 
Arylmethanenitronic acids, 398 
tautomerism of, 354 
Arylnitromethanes, preparation of by 
Victor Meyer Reaction, 325, 328 
Atomic orbitals, of nitric oxide, 8 

B 

Bachmann-Knoffler-Eble process, 660 
Baudisch reaction, preparation of nitroso 
compounds by, 222-223 
Benzaldoxime, 458 
Benzilic rearrangement, of nitro- 

phenanthra-9,10-quinones, 597 
Benzonitrolic acid, 396 
1 -Benzoylamino-5 -nitropentane, 328 
Benzoylindenenitronic acid, 415 
2-Benzoyl-2-nitrosopropane, 259 
AT-Benzyl-Af-methylnitrosamine, chemi¬ 
cal shifts of, 157 

IV-Benzyl-Af-phenylnitrosamine, chemi¬ 
cal shifts of, 157 

Af-Benzyl-Af-i-propylnitrosamine, chemi¬ 
cal shifts of, 157 

Bicyclic nitronic esters, preparation of, 
431 

o-Biphenylnitrene, 263 
Bornane-2-nitronic acid, 398 
1 -Bromo-1 -chloro-2-nitroethane, 318 
Bromomethanenitronic acid, 358 
2-Bromo-2-nitroalkyl amines, infrared 

spectroscopy in preparation of, 90 
10-Bromo-10-nitroanthrone, 416 
m-Bromonitrobenzene, electronic absorp¬ 
tion spectrum of, 98 

o-Bromonitrobenzene, electronic absorp¬ 
tion spectrum of, 99 


p-Bromonitrobenzene, coupling 
constants of, 109 

electronic absorption spectrum of, 97 
“N chemical shifts in. 111 
proton chemical shifts of, 109 
2-Bromo-2-nitrobornane, 304, 341 
pseudo-Bromonitrocamphor, 411 
1-Bromonitronic esters, 443 

1- Bromo-1-nitropropane, 335 
a-Bromonitrosoalkanes, 393 
p-Bromonitrosobenzene, 253, 260, 284 

n-ir* absorption data of, 151 
p-Bromonitrosobenzene, enthalpies of 
dimerization of, 150 
polarographic reduction potentials of, 
151 

N=0 stretching frequency of, 140 
visible absorption data of, 150 

2- Bromo-2-nitro-l-tetralone, 410 
o-Bromophenylcyanomethanenitronic 

acid, 403 

p-Bromophenylcyanomethanenitronic 
acid, 403 

4-Bromophenylmethanenitronic acid, 
360, 424, 440 

1,4-Butanebisnitronic acid, intra¬ 
molecular hydrogen bonding 
in, 372 

4-t-Butyl cyclohexanenitronate, 363 
t-Butyl fluorene-9-nitronate, 379 
Af-n-Butyl-Af-methylnitrosamine, chemi¬ 
cal shifts of, 157 

jV-t-Bu tyl-N-rriethylnitrosamine, chemi¬ 
cal shifts of, 157 

2-Butylnitrate, n-ir* transition bands of, 
92 

t-Butylnitrite, flash photolysis of, 148 
2-Butylnitrite, n-v* transition bands 
of, 92 

m-t-Butylnitrobenzene, electronic ab¬ 
sorption spectrum of, 98 
o-t-Butylnitrobenzene, electronic absorp¬ 
tion spectrum of, 99 

p-i-Butylnitrobenzene, electronic absorp¬ 
tion spectrum of, 101 
p-t-Butylnitrobenzene, electronic absorp¬ 
tion spectrum, 97 
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4-f-Butyl-l-nitrocyclohexane, equilib¬ 
rium constant o£ from nmr 
spectra, 107 

eis-4-t-Butylnitrocyclohexane, coupling 
constants of, 108 
nmr spectrum of, 107-108 
a-proton chemical shift in, 107-108 
irans-4-i-Butylnitrocyclohexane, 363 
coupling constants of, 108 
nmr spectrum of, 107-108 
a-proton chemical shift in, 107-108 

C 

m-Carbethoxynitrobenzene, half-band 
widths of, 87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 

2-Carbomethoxybenzalnitrimine, 648 
/j-Carbornethoxynitrobenzenc, half-band 
widths of, 87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 
Carbonyl compounds, preparation of by 
Net reaction, 388-389 
m-Carboxynitrobenzene, electronic 
absorption spectrum of, 98 
o-Carboxynitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
p-Carboxynitrobenzene, electronic ab¬ 
sorption spectrum of, 97 
Charge-transfer complexes, 531 
spectra of, 116-120 
a-Chloronitroalkanes, mechanism of 
hydrolysis of, 405 

m-Chloronitrobenzene, electronic ab¬ 
sorption spectrum of, 98 
o-Chloronitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
p-Chloronitrobenzene, coupling 
constants of, 109 

electronic absorption spectrum of, 97 
half-band widths of, 87 
molar extinction coefficients of, 87 
15 N chemical shifts in, 111 
proton chemical shifts of, 109 
Chloronitrobenzenes, activation ener¬ 
gies of for methoxydechlorination 
of, 494 


5a-ChIoro-6/S-nitrocholesteryl acetate, 323 
l-Chloro-2-nitrocyclohexane, 318 
1-Chloro-l-nitroethane, 335, 405 
1-Chloro-l-nitroethane-l-d, 336 

4- Chloro-2-nitronitrosobenzene, 461 

5- Chloro-2-nitronitrosobenzene, 461 

1- Chloro-l-nitropropane, nitro stretch¬ 

ing frequencies of, 82 

2- Chloro-2-nitropropane, 14 N chemical 

shifts in, 110 

nitro stretching frequencies of, 82 

3- Chloro-5-nitrosoacetophenone, 242 
“Chloronitrosoalkanes, formation of in 

Nef reaction, 248-249 
p-Chloronitrosobenzene, 280 
n- it* absorption data of, 151 
N=0 stretching frequency of, 140 
polarographic reduction potentials of, 
151 

2-Chloro-2-nitrosobutane, halogen atom 
expulsion in, 208 

gem-Chloronitrosocyclohexane, de¬ 
oxygenation of, 264 
hydrolysis of, 259 
ring-enlargement of, 264 
1-Chloro-l-nitrosocyclohexane, 248, 252, 
270 

n-ir* transition of, 148 
tt-tt* transition of, 148 
l-Chloro-2-nitrosocyclohexane, N=0 
stretching frequency of, 140 
9-Chloro-10-nitrosodecalinJ N=0 stretch 
ing frequency of, 140 

1- Chloro-l'-nitrosodicyclohexyl, N=0 

stretching frequency of, 140 

2- Chloro-2-nitrosopropane, 252 
N=0 stretching frequency of, 140 

1 -Chloro-2-nitro-1,1,2,2-tetrafluoro- 
ethane, 323 

m-Chloroperbenzoic acid, use in oxida¬ 
tion of amines, 308 

4- Chlorophenylmethanenitronic acid, 

360 

/'t-ChloroteLrafluoronitrosoethane, dimer 
of, 255 

Conductivity measurements, of nitro- 
alkanes, 372 
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o£ nitronic acids, 3V2 
Copper nitronate salts, 460 
Cotton effect, see also Optical rotatory 
dispersion 

of nitroso compounds, 155 
m-Cyanonitrobenzene, half-band widths 
of, 87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 
p-Cyanonitrobenzene, half-band widths 
of, 87 

molar extinction coefficients of, 87 
“N chemical shifts in, 111 
a-Cyanonilrosoalkanes, reaction of with 
dienes, 270-271 

1 -Cyano-1 -nitrosocyclohexane, 240 
2-Cyano-2-nitrosopropane, N=() stretch¬ 
ing frequency of, 140 
a-Cyanophenylnitromethane, 466 
Cyclic nitronic acid anhydrides, 461 
Cyclic nitronic esters, mechanism of 
formation of, 431 
preparation of, 430-435 
properties of, 432 
synthesis of, 432-434 
Cyclododecanenitronic acid, 398 
Cycloheptyl nitrite, photolytic iso¬ 
merization of, 222 
Cyclohexanenitronic acid, 400 
Cyclohexylnitromethane, nitro stretch¬ 
ing frequencies of, 82 
Cyclonite, 649, 676, 678 
polarization of, 678 
preparation of, 650 
x-ray diffraction of, 674 
Cyclonite oxide, 656, 676 
Cyclooctyl nitrite, photolytic isomeriza¬ 
tion of, 222 

2,4-Cyclopentadiene-l-nitronic acid, 360 
l-Cyclopropyl-l,l-dinitroethane, 338 
1-Cyclopropylnitroethane, preparation of 
by oxidation of oxime, 307 

D 

Deoxygenation, of aromatic nitro com¬ 
pounds by free radicals, 245 
intramolecular transfer of oxygen in, 
246 


of nitro compounds, 244-248 
of nitroso compounds, 263-264 

1.9- Diacetoxy-2,6-diacetyl-4,8-dinitro- 

2,4,6,8-tetrazanonane, 665 

1.9- Diacetoxymethyl-4-aceto-2,6,8,-tri- 

nitro-2,4,6,8-tetrazanonane, 664 
l,7-Diacetoxy-2,4,6-trinitro-2,4,6-tri- 
azaheptane, 659 

1.5- Diacetyl-3,7 -dinitro-1,3,5,7 -tetraza- 

cyclooctane, 667 
Dibenzohydroxamic acid, 464 

1.5- Dibenzyl-3,7-dinitro-1,3,5,7-tetraza- 

cyclooctane, 651 

Dibenzylideneacetone, electronic 
absorption spectrum of, 102 

2.6- Dibromo-4-nitrophenol, coupling 

constants of, 109 

2.6- Dibromo-4-nitrosophenol, 226, 227 
Di-t-butylnitroxide, ESR spectral 

properties of, 19 
UV spectral properties of, 19 

1.1- Dicarbethoxy-2,3-diphenyl-3-nitro- 

cyclopropane, 341 

1.4- Dichloro-1,4-dinitrosocyclohexane, 

255 

N=0 stretching frequency of, 140 

1.1- Dichloro-l-nitroethane, nitro stretch¬ 

ing frequencies of, 82 

3.5- Dichloronitrosobenzene, 253 
N=0 stretching frequency of, 140 

1,1 -Dichloro-1 -nitrosoethane, N=0 
stretching frequency of, 140 
Dicyclohexylnitrosamine, ir bands of, 

145 

Dicyclopentylnitrosamine, ir bands of, 
145 

Dicyclopropylnitromethane, preparation 
of by oxidation of oxime, 307 
Diethyl nitromalonate, 315 

preparation of by oxidation of oxime, 
307 

Diethylnitrosamine, electronic absorp¬ 
tion spectral data of, 154 
ir bands of, 145 

N=0 stretching frequency of, 144 
Dihalodinitromethanes, 405 
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2.4- Dihalonitrobenzenes, orfho-effects 

in, 498 

Di-rc-hexylnitroxide, ESR spectral 
properties of, 19 
UV spectral properties of, 19 
3,6-Dihydrooxazine, 249 

2.5- Dimethoxy-4-hydroxynitrosobenzene, 

259 

m-Dimethylaminonitrobenzene, elec¬ 
tronic absorption spectrum of, 98 
o-Dimethylaminonitrobenzene, elec¬ 
tronic absorption spectrum of, 99 
p-Dimethylaminonitrobenzene, elec¬ 
tronic absorption spectrum of, 97 
half-band widths of, 87 
molar extinction coefficients of, 87 
p-Dimethylaminonitrosobenzene, 252, 
253 

enthalpies of dimerization of, 150 
visible absorption data of, 150 
A'.iV-Dimethylaniline N-oxide, dipole 
moment of, 64-65 
Dimethyl 2-chloro-4-nitromethyl- 
pentanedioate, 319 

2,3-Dimethyl-2,3-dinitrobutane, 339 

1.5- Dimethyl-3,7-dinitro-1,3,5,7-tetra- 

zacyclooctane, 651 

m-JV-Dimethylnitroaniline, electron 
absorption spectrum of, 49 
o-lV-Dimethylnitroaniline, electron ab¬ 
sorption spectrum of, 49 
p-lV-Dimethylnitroaniline, electron ab¬ 
sorption spectrum of, 49 
2-3-Dimethylnitrobenzene, ESR 
spectrum of, 63 

2.6- Dimethylnitrobenzene, ESR 

spectrum of, 63 

3.5- Dimethylnitrobenzene, ESR 

spectrum of, 63 

2.5- Dimethyl-2-nitrocyclopentanone, 312 
Dimethylnitrosamine, chemical shifts 

of, 157 

electronic absorption spectral data of, 
154 

ir bands of, 145 

N=0 stretching frequency of, 144 
solvent effects on ir frequencies of, 146 


solvent effects on the ti-tt* band of, 

153 

JV,Af-Dimethylnitrosamine, ti-tt* transi¬ 
tion of, 148 

Dimethylolnitramine, as intermediate in 
formation of phenylnitramine, 
650-654, 656, 658 

Dimethyloxosulfoniumylide, as alkylat¬ 
ing agent in nucleophilic dis¬ 
placement of nitroaromatics, 556 
Dimethyl pseudonitrole, 394 

2.3- Dimethyl-2,4,4-trinitropentane, 338 

o, di-Dinitroalkanes, 328 

from o,w-dibromoalkanes with sodium 
nitrite, 333 

preparation of by cleavage of dinitro- 
cycloalkanones, 311 
preparation of by Victor Meyer reac¬ 
tion, 325 

1.1- Dinitroalkanes, electronic absorption 

spectra of, 94 

1.1- Dinitroalkane salts, uv correlation 

with electronic effects, 105 
uv correlation with steric effects, 105 

2.4- Dinitroaniline, electronic absorption 

spectrum of in liquid ammonia, 
104 

2,6-Dinitroaniline, electronic absorption 
spectrum of in liquid ammonia, 
104 

3.5- Dintroaniline, electronic absorption 

spectrum of in liquid ammonia, 
104 

p, //-Dinitroazoxybenzene, nitro stretch¬ 

ing frequencies of, 85 
Dinitrobenzene, effect of pH electronic 
absorption spectra of, 104 
7n-Dinitrobenzene, electronic absorption 
spectrum of, 98 

esr spectra of radical anions of, 122— 
124 

half-band widths of, 87 
molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 
o-Dinitrobenzene, esr spectra of radical 
anions of, 122-123 

p-D i n itrobcnzcrie, electronic absorption 
spectrum of, 97, 100 
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esr spectra of radical anions of, 122- 
123 

1B N chemical shifts in, 111 
nitro stretching frequencies of, 85 
proton chemical shift of, 109 

1,4-Dinitrobenzene, 426 
ESR spectrum of, 62 
Dinitrobenzene derivatives, electronic 
absorption spectra of in alkaline 
solutions, 105-106 

1.3- Dinitrobenzene derivatives, infrared 

data of, 90 

Dinitrobenzenes, solvent effects on elec¬ 
tronic absorption spectra, 103 
2- (2,4-Dinitrobenzyl)-pyridine, diffuse 
reflectance spectroscopy of, 125 
l,l'-Dinitrobicyclohexyl, 339 

1.4- Dinitrobutane, 311 
preparation of by modified Victor 

Meyer reaction, 332 

2.2- Dinitrobutane, 338 

1.2- Dinitro-2-butene, 405 

2.6- Dinitro-4-chlorophenol, coupling 

constants of, 109 

7.7- Dinitro-5a-cholestane, 303 

1,1-Dinitrocyclohexane, 338 

1.3- Dinitrocyclohexane, 363 

1.4- Dinitrocyclohexane, 340, 363 

2.6- Dinitrocyclohexanone, 311 
a,a'-Dinitrocyclohexanone, 310 
1,10-Dinitrodecane, preparation of by 

Victor Meyer reaction, 327 

3.7- Dinitro-3,7-diaza-l,5-dioxacyclo- 

octane, 650 

1,3-Dinitro-1,3-diaza-5-oxacyclohexane, 
polarization of, 678 

3.5- Dinitro-3,5-diaza-l-oxacyclohexane, 

656 

3.5- Dinitro-3,5-diazapiperidinium 

nitrate, 657 

3.5- Dinitro-3,5-diazapiperidylethoxy- 

methane, 657 

3.5- Dinitro-3,5-diazapiperidylmethyl 

acetate, 659 

3.5- Dinitro-3,5-diazapiperidylmethyl-lV- 

hydroxymethylnitramine, from 
nitrolysis of hexamethylenetet¬ 
ramine, 653 


1.3- Dinitro-4,6-dinitrosobenzene, 240 
p,p'-Din itrodiphenyl, nitro stretching 

frequencies of, 85 

a,l- 1,2-Dinitro-1,2-diphenylethane, 338 
meso- 1,2-Dinitro-1,2-diphenylethane, 338 
/),p'-Dinitrodiphenylsul(ide, nitro 
stretching frequencies of, 85 

3.7- Dinitroendoethylene-1,3,5,7-tetraza- 

cyclooctane, 651 

1.1- Dinitroethane, 335 
proton chemical shifts in, 107 

1.2- Dinitroethylene, 405 

2.4- Dinitrofluorobenzene, 499, 542 
Dinitrogen tetroxide, use as nitrating 

agent, 319-320 

Dinitrogen trioxide, use of as nitrating 
agent, 320-323 

2.7- Dinitro-1,7-heptanediol, 372 

1,6-Dinitrohexane, 311 

preparation of by modified Victor 
Meyer reaction, 332 

2.5- Dinitro-l,6-hexanediol, 371 

4.4- Dinitro-3-hexanone, 320 
a‘s-3,4-Din itro-3-hexene, 320 
irans-3,4-Dinitro-3-hexene, 320 
10,10-Dinitro-2-hydroxycamphane, 340 
Dinitroinositol, nmr spectrum of tetra-o- 

acetyl derivative of, 108 
Dinitromethane, nmr of, 38- 
proton chemical shifts in, 107 

1.1- Dinitro-2-methylpropane, 376 

1.5- Dinitronaphthalene, electronic ab¬ 

sorption spectrum of, 96 

1.8- Dinitronaphthalene, esr spectrum 

of, 63 

Dinitronaphthalenes, nmr spectra of, 
109 

a,a'-Dinitronic acids, salts of acyclic, 
411-412 

1.1- Dinitro-l-nitrosoethane, 396 

1.5- Dinitropentane, 311 

2.4- Dinitrophenol, far ir spectrum of, 

113 

2.6- Dinitrophenol, far ir spectrum of, 

113 

2.4- Dinitrophenyl aryl ethers, trans- 

etherification of with aliphatic 
alcohols, 568 
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2.4- Dinitrophenylhydrazine, 499 

2.4- Dinitrophenylhydrazone derivatives, 

electronic absorption spectra of, 
102 

2.4- Dinitrophenylhydrazones, nmr 

spectra of, 108 

IV-(2,4-Dinitrophenyl)imidazolium salts, 
electronic absorption spectra of, 
105 

A , -(a)-2,4-Dinitrophenyl-sulfonylamino 
acids, electronic absorption 
spectra of, 102 

Af,]V'-Dinitropiperazine, polarization of, 
678 

1.1- Dinitropropane, 335, 338 
proton chemical shifts in, 107 

2.2- Dinitropropane, nitro stretching- 

frequencies of, 82 

2.2- Dinitro-l,3-propanediol, 338 

2.2- Dinitropropanol, 335 

1.2- Dinitroso-4-azido-5-nitrobenzene, 262 
o-Dinitrosobenzene, 254, 268 
p-Dinitrosobenzene, 239, 254, 279 
2,2'-Dinitrosobiphenyl, 255 

4.6- Dinitroso-Ai,Ai'-dimethyl-m-phenyl- 

enediamine, from N,A r '-dinitroso- 
AyV'-dimethyl-m-phenyl- 
enediamine, 223-224 
Dinitrosopentamethylenetetramine, 
electronic absorption spectral 
data of, 154 

1.4- Dinitrosopiperazine, cis and trans 

isomers in nmr spectrum of, 157 

2.4- Dinitrosoresorcinol, 226 

1.2- Dinitro-l, 1,2,2-tetrafluoroethane, 319 
0 , 0 -Dinitrotoluene, 395 

2.6- Dinitro-4-trifluoromethyl-2V-methyl- 

aniline, photolysis of, 188 

1.3- Dinitro-l,2,3-triphenylpropane, 

preparation of by Michael 
addition, 431 

1.5- Dinitroxy-2,4-dinitro-2,4-diaza- 

pentane, 656 

N,N'-Ti ioxoazo me thane, cis-trans 
isomers of, 252 

Di-n-pentylnitrosamine, electronic ab¬ 
sorption spectral data of, 154 
Diphenylcyanonitromethane, 315 


2.3- Diphenyl-2-cyclopropenyl nitrite, 

342 

1.2- Diphenyl-l,2-dinitrosoethylene, 239 
Diphenylfuroxan, 239 
Diphenylmethanenitronic acid, 401 

preparation of, 351 

1.2- Diphenyl-3-nitrocyclopropene, 342 
electronic absorption spectrum of, 102 

Diphenylnitromethane, 315 
Diphenylnitroxide, preparation of, 15 

4.4- Diphenyloxazetidinone, 249 
a,a-Diphenyl-/3-picrylhydrazil, esr spec¬ 
trum of, 120-121 

1.3- Dipolar addition reactions, of 

nitronic esters, 453-459 
Dipole moment, of nitramines, 675-680 
Dipotassium cyclopentanone-2,5- 
bisnitronate, 412 

Dipotassium 1,4-dibromo-1,4-butane- 
dinitronate, 404 

Dipotassium tetranitroethane, 397 
AyA'-Di-i-propylnitrosamine, chemical 
shifts of, 157 

Di-n-propylnitrosamine, electronic ab¬ 
sorption spectral data of, 154 
Di-i-propylnitrosamine, ir bands of, 

145 

DPT, 651 

E 

1 

Ehrlich-Sachs reaction, of nitroso 
compounds, 277-278 
Electrical polarization, of nitamines, 
675-680 

of polynitrimines, 675-680 
Electron absorption spectra, of di-t- 
butylnitroxide, 19 
of di-n-hexylnitroxide, 19 
of m-Af-dimethylnitroaniline, 49 
of o-A'-dimethylnitroanilinc, 49 
of /z-A'-dimethylnitroaniline, 49 
of isoquinoline N-oxide, 66-68 
of nitramide, 35 
of nitrobenzene, 42-43 
of nitroethylene, 39 
of nitropropene, 37 
of 1-nitro-l-propene, 39 
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of 2-nitro-l-propene, 39 
of 3-nitro-I-propene, 39 
of pyridine N-oxide, 65-66 
of stable nitroxides, 19 
Electron diffraction, studies on nitro- 
methane, 32 

studies on nitrotriboraomethane, 32 
studies on nitrotrifluoromethane, 32 
Electronic absorption spectra, acid-base 
equilibria in, 104-105 
of anions, 105-106 

of aromatic nitro compounds, 94-102 
of heterocyclic nitro compounds, 94- 
102 

hydrogen bonding in, 103 
mesomeric interactions in, 96, 100 
of nitroalkanes, 92-94 
of nitro olefins, 92-94 
of nitrosamines, 152-155 
of nitroso compounds, 147-155 
of C-nitroso compounds, 148-152 
solvent effects in, 103-104 
steric interactions in, 96, 100 
Electronic absorption spectroscopy, inter¬ 
action of aromatic nitro com¬ 
pounds by, 106 

Electronic properties, of aliphatic 
nitroxides, 15-22 
of nitroalkanes, 32-38 
of substituted nitrobenzenes, 49-51 
Electronic spectra, of aliphatic nitro 
compounds, 35 
of nitrobenzene, 42-48 
of nitromethane, 34—35 
of nitropropene, 37 
of nitrosoalkanes, 11-15 
Electronic structure, of nitrobenzene, 
39-48 

of nitrogen dioxide, 23-32 
of nitromethane, 32-34 
of nitrosobenzene, 51-54 
Electron spin resonance spectra, of nitro 
compounds, 120-125 
of nitroso compounds, 160 
Electron spin resonance spectroscopy, of 
aliphatic nitroxide diradicals, 
20-21 

of aliphatic nitroxides, 17-19 


of di-f-butylriitroxidc, 19 
of di-fi-hcxylriitroxidc, 19 
of 2,3-dimethyInitrobenzene, 63 
of 2,6-dimethylnitrobenzene, 63 
of 3,5-dimethylnitrobenzene, 63 
of 1,4-dinitrobenzene, 62 
of 1,8-dinitronaphthaIene, 63 
of 2-methyInitrobenzene, 63 
of 4-methyInitrobenzene, 63 
of nitroalkane radical anions, 37-38 
of 4-nitroaniIine, 62 
of nitroaromatic radical anions, 58-64 
of o-nitrobenzaldehyde, 63 
of p-nitrobenzaldehyde, 63 
of nitrobenzene, 62 
of nitroethane, 37-38 
of nitrogen dioxide, 32 
of nitrosobenzene, 64 
of 2,3,5,6-tetramethyInitrobenzene, 63 
of 1,4,5,8-tetranitronaphthaIene, 63 

Electrophilic addition reactions, of 
nitronic acids, 393-398 

Electrophilic substitution, in aromatic 
systems, 488 

Elimination-addition mechanism, in 
nucleophilic aromatic substitu¬ 
tion, 490 

1.5- Endoethylidine-3,7-dinitro-1,3,5,7- 

tetrazacyclooctane, 651 

1.5- Endomethylene-3,7-diaceto-l,3,5,7- 

tetrazacyclooctane, 665 

1.5- Endomethylene-3,7-dinitro-I,3,5,7- 

tetrazacyclooctane, 651 

1.5- EndomethyIene-3,7-dinitroso-I,3,5,7- 

tetrazacyclooctane, from hexa¬ 
methylenetetramine and nitrous 
acid, 668-669 

Ethane-1,2-dinitramine, x-ray diffraction 
of, 674 

firms-Etherification, see Nucleophilic 
displacements 

Ethyl acetamidomethanenitronate, 438, 
443 

Ethyl butane-2-nitronate, 438 

Ethyl carbethoxymethanenitronate, 442 

Ethyl a,a-dinitrobutyrate, 339 

jV-E thyl-A r -inclhyin itrosamiri e, chemical 
shifts of, 157 
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Ethyl nitrite, cis-trans ratio in, 139 
Ethyl nitroacetate, 306 
o-Ethylnitrobenzene, nitro stretching 
frequencies of, 85 

£>-Ethylnitrobenzene, electronic absorp¬ 
tion spectrum of, 101 
Ethyl nitrobenzoates, electronic absorp¬ 
tion spectra of, 102 

Ethyl 2-nitrobutyrate, nitro stretching 
frequencies of, 82 

Ethyl a-nitrocaproate, preparation of by 
modified Victor Meyer reaction, 
332 

Ethyl a-nitropropionate, preparation of 
by Victor Meyer reaction, 327 
Ethyl a-phenyl-a-nitroacetate, prepara¬ 
tion of by modified Victor Meyer 
reaction, 332 

iV-Ethyl-V-phenylnitrosamine, chemical 
shifts of, 157 

F 

Ferroverdin, 251 

Fischer-Hepp reaction, preparation of 
nitroso compounds by, 223-225 
Fluorene-9-nitronic acid, 360, 379, 382 
bimolecular coupling products of, 402- 
403 

mechanism of bimolecular reaction of, 
402-403 

l-Fluoro-2,4-dinitrobenzene, nmr spec¬ 
trum of, 109 

Fluoronitroacetyl chloride, 324 
m-Fluoronitrobenzene, electronic absorp¬ 
tion spectrum of, 98 

o-Fluoronitrobenzene, electronic absorp¬ 
tion spectrum of, 99 

p-Fluoronitrobenzenc, electronic absorp¬ 
tion spectrum of, 97 
esr spectra of radical anions of, 122- 
123 

“N chemical shifts in, 111 
l-Fluoro-5-nitropentane, preparation of 
by Victor Meyer reaction, 327 
p-Fluoronitrosobenzene, N=0 stretch¬ 
ing frequency of, 140 
m-Formylnitrobenzene, electronic ad¬ 
sorption spectrum of, 98 


o-Formylnitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
£-Formylnitrobenzene, electronic absorp¬ 
tion spectrum of, 97 
Franchimont test, use for detection of 
nitramines, 622, 638, 649 

G 

Geometry, of nitrobenzene, 39-40 
of nitrogen dioxide, 23-24 

H 

Hale process, see Cyclonite 
«-Haloni troalkanes, 393 
coupling of with nitronate salts, 405- 
406 

Halonitroaromatics, nucleophilic photo¬ 
chemical displacement of halogen 
from, 585-586 

Halonitrobenzenes, activating effects of 
ortho-substituents in, 494-498 
deactivation factors of halogen in 
nucleophilic displacements, 538- 
539 

displacement reactions of in nucleo¬ 
philic substitution, 492-518 
Hammett p-values in nucleophilic 
displacements of halogen from, 
534 

influence of carbonyl group in nucleo¬ 
philic displacements of, 537 
influence of polarizability on in 

nucleophilic displacements, 549 
nucleophilic displacements from, by 
alkoxy- and phenoxy anions, 512 
by amines, 499-506 
by azide and thiocyanate anions, 

515 

by carbanions, 515-516 
by hydroxide or water, 507-512 
by mercaptide and thiophenolate 
anions, 515 
by sulfide, 514 

by sulfite, carboxylate, and thio- 
sulfone, 516-517 

nucleophilic displacements of halogen 
from, by halogen, 512-514 
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relative order of activating power of 
halogen atoms in, 535 
relative rates of displacement of 

halogen from in nucleophilic dis¬ 
placements, 544-545 
relative reactivities for various nucleo¬ 
philes with in nucleophilic dis¬ 
placements, 547, 548 
substituent effects in nucleophilic re¬ 
agents correlated by the Hammett 
equation in nucleophilic displace¬ 
ments in, 551 

o-Halonitrobenzenes, nucleophilic dis¬ 
placements from by methoxide 
ions, 536 

o-Halonitronic acids, nucleophilic dis¬ 
placement reactions of, 404-405 
reactions of, 404-406 
a-Halonitrosoalkanes, reaction of with 
dienes, 270-271 
Hammett equation, 551 
Hammett a constants, correlation of 

electronic absorption bands with, 
100 

Hammett p-values, in nucleophilic dis¬ 
placements of halogen from halo- 
nitrobenzenes, 534 
Henry condensation, 378 
l,l,l,2,2,3,3-Heptafluoro-5-nitropentane, 
386 

Heptafluoro-l-nitrosopropane, N=0 
stretching frequency of, 140 
Heterocyclic nitro compounds, asym¬ 
metric and symmetric stretching 
frequencies of, 85-88 
electronic absorption spectra of, 94- 
102 

infrared spectra of, 85-88 
nucleophilic displacements in, 581— 

582 

Raman spectra of, 85-88 
Hexafluorodimethyl-gem-nitrosochloro- 
methane, 237 

Hexafluorodimethyl-gem-nitrosofluoro- 
methane, 240 

1,6-Hexanebisnitronic acid, intramolec¬ 
ular hydrogen bonding in, 375 
Hexanitroethane, 397 


HMX, 657, 671, 
polymorphism of, 674, 678-679 
Hydrogen bonding, spectroscopy of, 112- 
116 

m-Hydroxynitrobenzene, electronic ab¬ 
sorption spectrum of, 98 
o-Hydroxynitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
p-IIydroxyni trobenzene, electronic ab¬ 
sorption spectrum of, 97 
2-Hydroxy-l-nitropropane, nitro stretch¬ 
ing frequencies of, 82 
2-Hydroxy-3-nitroso-4-aminopyridine, 
265 

2-Hydroxypyridine, dissociation of in 
electronic absorption spectros¬ 
copy, 105 

I 

Indene-l-nitronic acid, 360 
Inductive effects, on rate of proton re¬ 
moval of nitroalkanes, 367-370 
on tautomerization rates of nitronic 
acids, 359-360 

Infrared spectra, of aromatic nitro 
compounds, 85-88 

of heterocyclic nitro compounds, 85-88 
of nitramines, 671-673 
of A'-nitroamides, 88 
of nitroamines, 88 
of nitrobenzene, 70 
of AT-nitrocarbamates, 88 
of nitro compounds, 69, 80-91 
of nitroguanidines, 88 
of a-nitroketones, 88 
of nitro-olefms, 84 
of nitro salts, 88-89 
of nitroso compounds, 69, 138-147 
of nitroureas, 88 
of polynitroamines, 88 
Infrared spectroscopy, influence of 

solvents on nitro compounds, 91 
quantitative analysis by, 90 
study of organic reactions by, 90 
Intermediate complexes, nature of in 
nucleophilic displacements, 531— 
536 
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Intramolecular hydrogen bonding, in 
formation of Meisenheimer com¬ 
plexes with amines, 569-570 
importance of in ortho nitro groups, 
497 

in nucleophilic displacements of 
fluoronitrobenzenes, 529-530 
m-Iodonitrobenzene, electronic absorp¬ 
tion spectrum of, 98 
o-Iodonitrobenzene, electronic absorp¬ 
tion spectrum of, 99 
p-Iodonitroberizene, electronic absorp¬ 
tion spectrum of, 97 
9-Iodo-9-nitrofluorene, 402 
o-Iodonitrosobenzene, enthalpies of 
dimerization of, 150 
N=0 stretching frequency of, 140 
visible absorption data of, 150 
p-Iodonitrosobcnzcne, 253 
enthalpies of dimerization of, 150 
n-v* absorption data of, 151 
N=0 stretching frequency of, 140 
polarographic reduction potentials of, 
151 

visible absorption data of, 150 
Ionization constants, of nitroalkanes, 
372-376 

of nitronic acids, 372-376 
Isoquinoline N-oxide, electron absorp¬ 
tion spectrum, 66-68 
Isotope effects, in nitroalkanes, 365 
in nucleophilic displacements of 
nitroaromatics, 530-531 
Isoxazolidines, preparation of from 
nitronic esters, 454-457 
2-Isoxazoline N-oxides, see also Cyclic 
nitronic esters 

preparation of from 1,3-dinitro- 
alkanes, 430-431 

preparation of from 3-halo-1-nitro¬ 
alkanes, 430-431 

Isoxazoline synthesis, mechanism of 
formation of, 431 

K 

Kaplan-Schechter reaction, mechanism 
of, 336-337 


preparation of polynitro compounds 
by oxidative nitration, 336-339 
4-Keto-l,l-dinitropentane, 431 
Keto-enol equilibria, spectroscopy of, 
112-116 

Ketonitronic acids, reactions of, 406-417 
a-Ketonitronic esters, acid-catalyzed 
hydrolysis of, 440-441 
hydrogenation of to amino alcohols, 
444 

preparation of by Michael addition, 
414-415 

tautomerism of, 406 
uv spectra of, 436 

4-Keto-l-nitroolefins, preparation of by 
nitrovinylation reaction, 414-415 
Kinetics, of nucleophilic substitution, 
518-554 

L 

Lead a-cyanophenylmethanenitronate, 
378 

Liebermann’s test, 273 
Linear combinations of atomic orbitals, 
discussion of, 4-6, 533 
semiempirical calculations of, 6-7 
Lithium propane-2-nitronate, C-alkyla- 
tion of, 427 
O-alkylation of, 427 

M 

Magnetic properties, of aliphatic 
nitroxides, 15-22 

of aromatic nitro compounds, 54-58 
of aromatic nitroso compounds, 54-58 
of aromatic nitroxides, 68-69 
Mechanism, of nucleophilic substitution, 
518-554 

Meisenheimer complexes, 519, 531, 533, 
557 

formation of by intramolecular hydro¬ 
gen bonding with amines, 569-570 
importance of in two-step nucleo¬ 
philic displacements, 520 
in nucleophilic displacement of hydro¬ 
gen, 554 
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in reaction o£ polynitroaromatics 
with diazomethane, 395 
in Smiles rearrangement, 588 
in trans-etherification reactions, 565 
Meisenheimer compounds, visible 
spectra of, 106 

Mercury methanenitronate, 460 
Mercury nitronate salts, 460 
Mercury phenylmethanenitronate, C- 
alkylation of, 429 
Mesitylnitrimine, 646 
Mesomeric interactions, in electronic ab¬ 
sorption spectra, 96, 100 
Methanenitronic acid, 358, 360 
m-Methoxynitrobenzene, electronic ab¬ 
sorption spectrum of, 98 
o-Methoxynitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
p-Methoxynitrobenzene, coupling 
constants of, 109 

electronic absorption spectrum of, 97 
half-band widths of, 87 
molar extinction coefficients of, 87 
“N chemical shifts in, 111 
proton chemical shifts of, 109 
2-Methoxy-l-nitrobutane, nitro stretch¬ 
ing frequencies of, 82 
o-Methoxynitrosobenzene, N=0 stretch¬ 
ing frequency of, 140 
p-Meth oxynitrosobenzenc, N=0 stretch¬ 
ing frequency of, 140 
Methyl acetamidomethanenitronate, 443 
Methyl 2-chloro-3-nitropropionate, 319 
4-Methylcinnoline-l,2-dioxide, 255 
Methyl a-cyanophenylmethanenitronate, 
443 

Methyl dicarbomethoxymethanenitron- 

ate, 442, 452 

iV-Methyl-2,6-dinitroaniline, conforma¬ 
tion of from nmr spectra, 109 
Methyl dinitromethanenitronate, 453 
Methyl 3,3-dinitropropionate, 338 
Methylene-his- l-(3,5-dinitro-1,3,5-tri- 
azacyclohexane), 658 

Methyl 2-hydroxy-3-nitropropionate, 319 
Methylnitramine, Mannich-type reac¬ 
tion of, 623 


iV-Methylnitramino-fm-ethane, polariza¬ 
tion of, 678 

Methyl nitrite, cis-trans ratio in, 139 
N=0 stretching vibration frequency 
of, 139 

n-tr* transition of, 148 
Methyl 3-nitroacrylate, 319 
m-Methylnitrobenzene, electronic ab¬ 
sorption spectrum of, 98 
o-Methylnitrobenzene, electronic absorp¬ 
tion spectrum of, 99 

p-Methylnitrobenzene, electronic absorp¬ 
tion spectrum of, 97, 101 
2-Methylnitrobenzene, esr spectrum of, 

63 

4-Methylnitrobenzene, esr spectrum of, 

63 

2- Methyl-2-nitrobutane, nitro stretching 

frequencies of, 82 

3- Methyl-l-nitrobutane, preparation of 

by Victor Meyer reaction, 327 
m-4-Methylnitrocyclohexane, coupling 
constants of, 108 
nmr spectrum of, 107-108 
u-proton chemical shift in, 107-108 
3-Methyl-3-nitroheptane, 341 
2-Methyl-2-nitro-3-hydroxybutane, nitro 
stretching frequencies of, 82 
Methyl nitromethanenitronate, 458 
Methylnitronaphthalenes, pmr spectra 
of, 109 

Methyl nitronic esters, preparation of by 
reaction of nitronic acids with 
diazomethane, 423-424 
Methyl 4-nitrophenylmethanenitronate, 

437 

2-Methyl-2-nitropropanal, 318 
2-Methyl-l-nitropropane, preparation of 
by Victor Meyer reaction, 327 
2-Methyl-2-nitropropane, 14 N chemical 
shifts in, 110 

nitro stretching frequencies of, 82 
n-ir* transition bands of, 93 
2-Methyl-2-nitro-l-propanol, nitro 
stretching frequencies of, 82 
2-Methyl-l-nitropropene, nitro stretch¬ 
ing frequencies of, 84 
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2-Methyl-3-nitropropene, nitro stretch¬ 
ing frequencies of, 84 
o-Methylnitrosobenzene, N=0 stretch¬ 
ing frequency of, 140 
p-Methylnitrosobenzcne, N=0 stretch¬ 
ing frequency of, 140 
Methyl o-nitrosobenzoate, 246 
photolysis of, 286 

2-Methyl-2-nitrosobutane, ir absorption 
of cis dimer of, 143 
ir absorption of trans dimer of, 143 
2-Methyl-2-nitroso-3-butanone, enthal¬ 
pies of dimerization of, 150 
visible absorption data of, 150 
4-Methyl-4-nitroso-2-pentanone, 242 

1- Methyl-1-nitrosopropane, solvent ef¬ 

fects on uv spectrum of cis 
dimer of, 150 

solvent effects on uv spectrum of 
trans dimer of, 150 

2- Methyl-l-nitrosopropane, ir absorp¬ 

tion of cis dimer of, 143 
ir absorption of trans dimer of, 143 
solvent effects on uv spectrum of cis 
dimer of, 150 

solvent effects on uv spectrum of 
trans dimer of, 150 
2-Methyl-2-nitrosopropane, 242, 270 
ir absorption of trans dimer of, 143 
N=0 stretching frequency of, 140 
solvent effects on uv spectrum of trans 
dimer of, 150 

Methyl phenylmethanenitronate, 458 
N-Methylphenylnitramine, Raman 
spectrum of, 670 

iV-Methyl-A'-i-propylnitrosaminc, 
chemical shifts of, 157 
Methyl sulfate, alkylating agent for 

preparation of nitronic esters, 422 
Methyl thionitrite, N=0 stretching 
vibration frequency of, 139 
Methyl 4-toluenesulfonylmethane- 
nitronate, 451 

lV-Methyl-2,4,6-trinitroaniline, confor¬ 
mation of from nmr spectra, 109 
Michael addition, 430 
preparation of l,3-dinitro-l,2,3-tri- 
phenylpropane by, 431 


preparation of 7-ketonitronic acids 
by, 414-415 

Microwace spectra, of nitrobenzene, 

106 

of nitromethane, 106 
of nitromethane-d 3 , 106 
of nitroso compounds, 161 
Molecular orbitals, 533 
discussion of, 4-6 
of nitric oxide, 8-10 
of nitrobenzene, 40-42 
of nitrogen dioxide, 25-32 
of nitromethane, 32-34 
semiempirical calculations of, 6-7 

N 

1-Naphthylnitromethane, 314 
Nef reaction, 354, 371, 438, 440, 444, 

445, 464 

by direct acid-catalysis, 385-386 
effect of electron-withdrawing groups 
on inhibition of, 386 
effect of hydrogen bonding on inhibi¬ 
tion of, 386 

effect of resonance stabilization on 
inhibition of, 386 /' 

hydrolysis of ad-nitroalkanes by, 

248 

Nef reaction, mechanism of, 385 

nitrile oxide mechanism for formation 
of hydroxamic acids, 389-390 
nitroso alcohol mechanism for forma¬ 
tion of hydroxamic acids, 390 
preparation of nitroso compounds by, 
248-249 

synthesis of carbonyl compounds by, 
388-389 

NENO, preparation of, 639-640 
/j-Neopen tylnitrobcnzcne, electronic ab¬ 
sorption spectrum of, 101 
Nitramide, electron absorption spectrum 
of, 35 

Nitramine, nmr spectrum of, 674 
in preparation of nitrimines, 647 
Raman spectrum of, 671 
Nitramines, see also Primary nitramines 
and Secondary nitramines 
deformation vibrations of, 90 
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dipole moment o£, 675-680 
electrical polarization of, 675-680 
ir spectra of, 671-673 
nitro stretching frequencies of, 88 
physical properties of, 670-680 
Raman spectra of, 670-673 
uv spectra of, 673 
vibrational spectra of, 670-673 
x-ray diffraction Of, 674 
Nitramino group, electronic absorp¬ 
tion of, 617-618 
infrared absorption of, 618 
3-Nitramino-2-nitro-2-azapropylamine 
nitrate, 658 

2-Nitramino-5-nitrothiazole, 621 
Nitrates, nitro stretching frequencies of, 
88 

Nitrene formation, from nitroso com¬ 
pounds, 263 

Nitric acid, use of as nitrating agent, 
323-324 

Nitric oxide, atomic orbitals of, 8 
molecular calculations of, 7-10 
molecular orbitals of, 8-10 
NO stretching frequencies of, 138 
Nitrile oxide mechanism, 441, 442, 459 
for formation of hydroxarnic acids in 
Nef reaction, 389-390 
Nitrimides, isomerization of to primary 
nitramides in alkali, 641-643 
Nitrimines, 645-649 
aqueous hydrolysis of, 648-649 
isomerization of to nitramines, 646 
preparation of from chloronitramines, 
647-648 

preparation of from furfural and 
nitramine, 647 

preparation of from nitric oxide and 
diazoalkanes, 648 
preparation of from oximes and 
nitrous acid, 645-646 
reaction of with fuming hydrochloric 
acid, 646 

reduction of, 646-647 
2-Nitriminoimidazolidine, hydration of, 
644 

reaction of with acetyl chloride, 642- 
643 


2-Nitrimino-l,3-imidazo]idine, 641 
2-Nitriminooxazolidone, 643 
Nitrite ion, nucleophilicity of, 325 
a-Nitroacetaldoxime, 445 
m-Nitroacetanilide, electronic absorp¬ 
tion spectrum of in liquid 
ammonia, 104 

nitro stretching frequencies of, 85 
o-Nitroacetanilide, electronic absorp¬ 
tion spectrum of in liquid 
ammonia, 104 

nitro stretching frequencies of, 85 
p-Nitroacet anilide, electronic absorp¬ 
tion spectrum of in liquid 
ammonia, 104 

nitro stretching frequencies, 85 
/3-Nitro acetates, preparation of, 317 
a-Nitroacetone, 407 
a-Nitroacetophenone, 318, 407 
M-Nitroacetophcnone, 321 
preparation of by oxidation of oxime, 
307 

a-Nitroacetophenone oxime, 321 
l-Nitro-2-acetoxy-2-phenylpropane, 317 
Nitroacridine derivatives, infrared data 
of, 90 

1-Nitroadamantane, 340 
0-Nitroalcohols, infrared studies of, 112 
a-Nitroaldehyde hydrazones, 397 
Nitroallcanes, see also Aliphatic nitro 
compounds 

acid-catalyzed halogenation of, 371 
acid strength of, 364 
base-catalyzed proton removal from, 
365 

conversion of primary to hydroxarnic 
acids, 389 

effect of acid-base equilibria on elec¬ 
tronic absorption spectra, 104 
effect of induction on rate of proton 
removal front, 367-370 
effect of stereochemistry on rate of 
proton removal from, 367-370 
electronic absorption spectra of, 92-94 
electronic properties of, 32-38 
formation of carboxylic acids from, 
371, 390-391 
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Nitroalkanes ( continued ) 

formation of hydroxamic acids from, 
371 

ionization constants of, 353, 372-376 
isotope effect of, 365 
kinetics of proton removal from, 365 
“N hyperfine coupling constants of in 
radical anions, 121 
nmr spectroscopy of, 38 
n-ir* transition of, 167 
optical rotatory dispersion of, 37 
oxidative dimerization of secondary, 
339 

ir-jr* transition of, 167 
p K a of, 373-376 

preparation of primary by Victor 
Meyer reaction, 325-327 
proton chemical shifts in, 107 
proton removal from, 364-372 
by acid catalysis, 370 
radical anions of, 37—38 
rates of ionization of, 366 
rates of neutralization of, 368-369 
reactions of with aminals to amides, 
451 

reaction of with amines, 460-461 
reaction of with ammonia, 460^461 
reaction of with diazonium salts, 397- 
398 

uv absorption spectra of, 167 
/3-Nitroalkyl iodides, 320 
IV-Nitroamides, infrared spectra of, 88 

4- Nitro-4'-amino-diphenylmethane, 

uv spectrum of, 113 

5- Nitro-2-aminothiazole, by nitration of 

2-aminothiazole, 621 
17/3-Nitro-5o-androstane, 303 
6<*-Nitro-A 4 -androstene-3,17-dione, 324 
6/3-Nitro-A 4 -androstene-3,17-dione, 324 
p-Nitroanilide derivatives, electronic 
absorption spectra of, 103 
m-Nitroaniline, nitro stretching frequen¬ 
cies of, 85 

o-Nitroaniline, electronic absorption 
spectrum of in liquid ammonia, 
104 

nitro stretching frequencies of, 85 


p-Nitroaniline, electronic absorption 
spectrum of in liquid ammonia, 
104 

equilibria of in sodium hydroxide 
spectrophotometrically, 104 
esr spectra of radical anions of, 122— 
123 

esr spectrum of, 62 
15 N chemical shifts in, 110 
nitro stretching frequencies of, 85 
nmr spectra of, 109 

p-Nitroaniline derivatives, solvent effects 
on electronic absorption spectra, 
103 

Nitroanilines, intermolecular hydrogen 
bonding in, 113 
uv spectra of, 113 

aci-Nitroanions, nmr spectra of, 107 
p-Nitroanisole, esr spectra of radical 
anions of, 122-123 

intermolecular hydrogen bonding in, 
114 

nitro stretching frequencies of, 85, 87 

9- Nitroanthracene, photolysis of, 179— 

181 

Nitroanthracenes, nucleophilic displace¬ 
ment reactions of, 579 
Nitroanthranilic acid derivatives, elec¬ 
tronic absorption spectra of, 102 

10- Nitro-9-anthrol, 416 
10-Nitroanthrone, 416 
10-Nitro-9-anthryl acetate, 416 
10-Nitro-9-anthryl benzoate, 416 
Nitroaromatics, see also Aromatic nitro 

compounds 

nucleophilic displacement of alkoxy 
and aryloxy groups by amines in, 
569-572 

nucleophilic displacement of alkoxy 
and aryloxy groups by 
mercaptides in, 571 
nucleophilic displacement of alkoxy 
groups in hydrolysis and trans¬ 
etherification of, 565-568 
nucleophilic displacement of amino 
and ammonium groups from, 
574^575 
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nucleophilic displacement of aryloxy 
groups in hydrolysis and trans¬ 
etherification of, 565-568 
nucleophilic displacement of hydrogen 
in,554-561 

nucleophilic displacement of nitro 
groups in, 561-565 

nucleophilic photochemical displace¬ 
ment of alkoxy groups in, 582-585 
nucleophilic photochemical displace¬ 
ment of nitro groups from, 586- 
587 

rearrangement reactions of, 587-598 
Smiles rearrangement of, 587-591 
in von Richter reaction, 591-595 
4-Nitroazoxybenzene, electronic absorp¬ 
tion spectrum of, 102 
Nitrobarbituric acid, 413 
o-Nitrobenzaldehyde, esr spectrum of, 

63 

mechanism of intermolecular oxida¬ 
tion-reduction of, 187-189 
mechanism of intramolecular oxida¬ 
tion-reduction of, 185-187 
nitro stretching frequencies of, 85 
photolysis of, 174 
p-Nitrobcnzaldehyde, 333, 440 
esr spectra of radical anions of, 

122-124 

esr spectrum of, 63 
nitro stretching frequencies of, 85 
Nitrobenzaldehydes, chemical shifts in, 
110 

p-Nitrobenzarnidc, half-band widths of, 
87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 
1V-Nitrobenzamides, electronic absorp¬ 
tion spectra of, 102 

Nitrobenzanthrones, dissociation of in 
electronic absorption spectros¬ 
copy, 105 
Nitrobenzene, 202 
bond lengths of, 39-40 
C—N stretching vibration of, 89 
dipole moment of, 42 
effect of pH on electronic absorption 
spectra on, 104 


electron absorption data of, 95-96 
electron absorption spectrum of, 42-43 
electron absorption spectrum of radi¬ 
cal anion of, 105 
electronic spectrum of, 42-48, 
electronic structure of, 39-48 
esr spectra of radical anions of, 122— 

123 

esr spectrum of, 62 
geometry of, 39-40 
infrared spectrum of, 70 
ionization potential of, 42 
irradiation of to radical anion, 191— 

192 

mechanism of photolysis of, 173 
microwave spectrum of, 106 
molecular orbitals of, 40-42 
1E N chemical shifts in, 110 
nitro group participation in photo¬ 
cycloaddition of, 192-199 
n-ir* transitions of, 45 
photolysis of, 173 
physical properties of, 39-48 
ir-ir* transitions of, 43-44 
Raman spectrum of, 70 
skeletal and deformation vibrations of, 
89-90 

solvent elfect on electronic absorption 
spectra, 103 

solvent elfect on pmr spectra of. 111 
solvent red shifts of, 103 
x-ray measurements of, 39 
Nitrobenzene derivatives, electronic ab¬ 
sorption spectra of in alkaline 
solutions, 105-106 

Nitrobenzenes, rates of nucleophilic dis¬ 
placement base catalysis reactions 
of substituted with amines, 522- 
527 

solvent effect on pmr spectra of, 111 
solvent effects on esr spectra of, 123— 

124 

jb-Nitrobenzenesulfonic acid, half-band 
widths of, 87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 87 
Nitrobenzenesulfonyl guanidines, in 
Smiles rearrangement, 590 
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p-Nitrobcnzoic acid, halt-band widths 
of, 87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 85, 87 
Nitrobenzoic acids, electronic absorp¬ 
tion spectra of, 102 
^-Nitrobenzonitrilc, nitro stretching 
frequencies of, 85, 87 
/j-Nitrobenzyl alcohol, 333 
jj-Nitrobenzyl bromide, 333 
m-Nitrobenzyl chloride, photolysis of to 
radical anion, 192 
4-Nitrobenzyl chloride, 426 
1 -Nitrobicyclo(3.2. l)cyclooctane, 306 

1- Nitrobicyclo(2.2.1)heptane, 340 

2- Nitrobicyclo(2.2.1)heptane, 341 
o-Nitrobiphenyl, conversion into 

phenanthridine, 379 
nitro stretching frequencies of, 85 
2-Nitrobiphenyl, bathochromic shift in, 
101 

Nitrobiuret, decomposition of in 
aqueous alcohol, 626 
2-Nitrobornane, 304, 424 
/z-Nitrobromobenzene, nitro stretching 
frequencies of, 85 

1- Nitrobutane, 14 N chemical shifts in, 

110 

14 N hyperfine coupling constants in 
radical anions of, 121 
nmr of, 38 

preparation of by Victor Meyer reac¬ 
tion, 327 

proton chemical shifts in, 107 

2- Nitrobutane, 308, 329, 367 

14 N hyperfine coupling constants in 
radical anions of, 121 
nitro stretching frequencies of, 82 
n-ir* transition bands of, 92 
preparation of by oxidation of oxime, 
307 

preparation of by Victor Meyer re¬ 
action, 327 

3- Nitro-2-butanone, 316, 318 

4- Nitro-2-butanone, preparation of by 

modified Victor Meyer reaction, 
332 

2-Nitro-2-butene, 362 


2- Nitro-3-butene, 362 
4-Nitrobut-l-ene, 332 
a-Nitrobutyrophenone, 314 

1- Nitrocamphene, 341 
“ Nitrocamphene, 321 
o-Nitrocamphor, mutarotation of, 411 

3- Nitrocamphor, 315 

jV-N i trocar bam a Les, infrared spectra of, 

88 

2- Nitro-2-carbethoxyindane-l,3-dione, 

314 

l-Nitro-2-chloroalkanes, from nitryl 
chloride and unsymmetrical 
terminal olefins, 318 
p-Nitrochlorobcnzcnc, nitro stretching 
frequencies of, 85, 87 
4a-Nitro-5/3-cholestane, 303 
4/3-Nitro-5<*-cholestane, 303 
6-Nitrocholesteryl acetate, 323 
Nitro compounds, see also Aliphatic 
nitro compounds and Aromatic 
nitro compounds 

cis-trans photoisomerization of, 175 
C—N stretching vibration of, 89-90 
esr spectra of, 120-125 
hydrogen abstraction in photolysis of, 
181-185 

infrared spectra of, 80-91 
mechanism of hydrogen abstraction in 
photolysis of, 181-185 
mechanism of modified Victor Meyer 
reaction, 330-332 

nitro group participation in photo¬ 
cycloaddition of, 192-199 
olefin photocycloaddition of, 176-177 
photochemical nitrite formation from, 
177-181 

photocycloelimination of, 175 
photodissociation into free radicals, 
170-172 

photo-induced rearrangement of 
a,(3-unsaturated to o-oximino- 
ketones, 177 

preparation of, by alkyl nitrate 
nitration, 312 

by displacement reactions of alkali 
metal nitrites, 329-334 
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by displacement reactions by nitrite 
ions, 325-334 

by displacement reactions by silver 
nitrite, 325-329 

by hydrogenolysis of gem-dinitro 
compounds, 302-304 
from ketoximes, 305 
by nitration of enol esters, with 
acetyl nitrate, 316-318 
with nitryl chloride, 318-319 
by nitration of olefins, 316-324 
with acetyl nitrate, 316-318 
with dinitrogen tetroxide, 319-320 
with dinitrogen trioxide, 320-323 
with nitric acid, 323-324 
with nitrosyl chloride, 323 
by oxidation of amines, 308-310 
with peracids, 308-310 
by oxidation of t-amines with 
potassium permanganate, 310 
by oxidation of oximes, 306-308 
from oximes, 302-308 
by reaction of active methylene 
groups with acetone cyanohydrin 
nitrate, 315-316 
by reaction of active methylene 
groups with alkyl 
nitrates, 310-314 
by reaction of active methylene 
groups with nitrating agents, 
310-316 

by reaction of active methylene 
groups with nitric acid, 314-315 
by reduction of bromonitro 
compounds, 304-306 
by vapor phase nitration, 302, 340 
primary photochemical processes of, 
168-200 

radical anion formation of in 
photolysis of, 191-192 
Raman spectra of, 80-91 
solvent effects in infrared spectra of, 

91 

stereospecificity of the C—N cleavage 
in hydrogenation of, 303 
aci-Nitro compounds, see Nitronic acids 
6“-Nitrocortisone, 324 


2-(2-Nitro-4-cyanobenzyl)-pyridine, 
photochromism of, 125 
Nitrocycloalkanes, preparation of from 
ketoximes, 305 

rate of proton removal from, 370 
“-Nitrocycloalkanones, nmr spectra of, 
107 

tautomerism of, 407 
Nitrocyclobutane, preparation of from 
oxime, 305 

Nitrocyclobutene, 331 
Nitrocyclobutenone, 331 
o-Nitrocyclodecanone, 312 
Nitrocycloheptane, preparation of, by 
modified Victor Meyer reaction, 
332 

by oxidation of oxime, 307 
from oxime, 305 
o-Nitrocycloheptanone, 312 
Nitrocyclohexane, 308, 330 
conformation of nitro group in, 107 
coupling constants of, 108 
14 N chemical shifts in, 110 
nmr spectrum of, 107-108 
preparation of, by oxidation of oxime, 
307 

from oxime, 305 

“-proton chemical shift in, 107-108 
2-Nitro-l,3-cyclohexanediol, nmr 
spectrum of, 108 

2-Nitro-1,3-cyclohexanedione, 412 
2-Nitrocyclohexanol, 317 
tram-2-Nitrocyclohexanol, 333 
“-Nitrocyclohexanone, 310, 312, 316, 

407, 409 

uv spectrum of, 410 
“-Nitrocyclononanone, 312 
a-Nitrocyclooctanone, 311, 312 

1- Nitro-1,3-cyclopentadiene, 360 
Nitrocyclopentane, 330 

preparation of, by modified Victor 
Meyer reaction, 332 
by oxidation of oxime, 307 
from oxime, 305 
Nitrocyclopropane, 341 

2- Nitrocyclopropyl ketone, 341 
iram-9-Niirodecalin, 341 
2“-Nitrodeoxycorticosterone, 312 
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Nitrodesoxyinsitols, 386 

l-Nitro-3,5-dibenzyl-l,3,5-triazacyclo- 
hexane, 651 

Nitrodicyandiamidine, preparation of 
by nitration of biuret, 624 

1- Nitro-3,5-dicyclohexyl-l,3,5-triaza- 

cyclohexane, 651 

Nitrodienes, Raman spectra of, 84 

2- Nitrodimedone, 413 
p-Nitrodimethylaniline, nitro stretching 

frequencies of, 85, 87 

3- Nitro-2,2-dimethylbutane, preparation 

of from oxime, 305 

2- Nitro-5,5-dimethylcyclohexane-l,3- 

dione, 314 

3- Nitrodiols, infrared studies of, 112 
p-Nitrodiphcnyl, half-band widths of, 

87 

molar extinction coefficients of, 87 
nitro stretching frequencies of, 85, 87 
p-Nitrodiphenylamine, nitro stretching 
frequencies of, 85 

l-Nitro-2,2-diphenylcyclopropane, 341 
l-Nitro-2,3-epoxybutane, 328, 333 
3-Nitro-l,2-epoxybutane, 328 

1- Nitro-2,3-epoxypropane, 328 
o-Nitro esters, from a-iodoesters with 

silver nitrite, 328 
preparation of, 315 
by Victor Meyer reaction, 325, 330 
Nitroethane, 325, 365 
esr of, 37-38 

“N chemical shifts in, 110 
“N hyperfine coupling constants in 
radical ions of, 121 
nitro stretching frequencies of, 82 
nmr of, 38 

n-ir* transition bands of, 93 
photolysis of, 175 
proton chemical shifts in, 107 
vibrational frequencies of, 82 

2- Nitroethanol, 333 
Nitroethylene, 341 

bond lengths of, 38-39 

dipole moment of, 38 

electron absorption spectrum of, 39 

microwave spectra of, 38 

nmr spectrum of, 108 


spectroscopic properties of, 38-39 
structure of, 38-39 

3-Nitroflavanone, 314 
9-Nitrofluorene, 310 
Nitroformaldehyde phenylhydrazines, 
electronic absorption spectra of, 
102 

5-Nitro-2-furaldehyde semicarbazone, 
electronic absorption spectrum 
of, 103 

5-Nitrofuran derivatives, Raman spectra 
of, 88 

Nitrofurans, electronic absorption 
spectra of, 102-103 
Nitrofurazone, electronic absorption 
spectrum of, 103 

5-Nitrofuryl polyenes, electronic absorp¬ 
tion spectra of, 102 
Nitrogen dioxide, bond length in, 23 
dipole moment of, 32 
electronic spectrum of, 31, 32 
electronic structure of, 23-32 
electron interactions of, 25-32 
electron spin resonance spectroscopy 
of, 32 

esr spectrum of, 32 
geometry of, 23-24 
ionization potential of, 25-32 
molecular orbitals of, 25-32 
semiempirical calculations of, 24-25 
Nitro group, activating effect of in 

nucleophilic displacements, 489- 
490 

hydrogen bonding with alcohols, 113 
inductive effect in nmr spectroscopy, 
106-107 

n-ir* transition of, 169-170 
nuclear magnetic spectra of, 106-111 
photochemistry of, 165-202 
spectroscopy of, 167-168 
Nitroguanidine, nitrimino structure of, 
674 

x-ray diffraction of, 674 
Nitroguanidines, decomposition of, 626- 
627 

nitro stretching frequencies of, 88 
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o-Nitrohalobenzenes, relative reaction 

rates of with various nucleophiles, 
495-496 

p-Nitrohalobenzenes, relative reaction 

rates of with various nucleophiles, 
495-496 

Nitrohalophenols, electronic absorp¬ 
tion spectra of, 102 

Nitrohalophenol vinyl ethers, electronic 
absorption spectra of, 102 

1-Nitroheptane, preparation of by 

modified Victor Meyer reaction, 
332 

preparation of by oxidation of oxime, 
307 

4-Nitroheptane, preparation of by modi¬ 
fied Victor Meyer reaction, 332 
preparation of by Victor Meyer re¬ 
action, 327 

1- Nitrohexane, 308 

14 N chemical shifts in, 110 
proton chemical shifts in, 107 
8-Nitrohydindane, 341 

2- Nitro-l,3-indanedione, 413, 461 

2-Nitroindane-l,3-dione, preparation of, 

314 

transformation with acetic anhydride 
to acetate of N-hydroxy - 
phthalonimide, 314 

2- Nitro-l-indanone, 411 
p-Nitroiodobenzene, nitro stretching 

frequencies of, 85 

Nitroisoxazoles, electronic absorption 
spectra of, 102 

3- Nitro-2-isoxazoline-2-oxide, prepara¬ 

tion from 3-bromo-l,l-dinitro- 
alkanes, 431 

Nitroketones, by chromic acid oxidation 
of nitro alcohols, 314 
tautomeric equilibria composition of, 
408 

a-Nitrokelones, infrared spectra of, 88 
fl-Nitroketones, by Victor Meyer re¬ 
action, 330 
Nitrolic acid, 394 

Nitrolysis of hexamethylenetetramine, in 
acetic anhydride and nitrates, 
660-670 


in preparation of polynitrimines, 
653-670 

Nitromalonaldehyde, 414 
Nitromethane, 307, 325, 334, 424 
C—N stretching frequency of, 89 
dimerization of, 93-94 
dipole moment of, 103 
election diffraction studies on, 32 
electronic absorption spectrum of, 92 
electronic spectrum of, 34-35 
electronic structure of, 32-34 
emission spectrum of, 125 
hydrogen bonding in, 112 
infrared spectra of, 81 
microwave spectrum of, 106 
molecular orbitals of, 32-34 
nmr of, 38 

n-ir* transition band of, 92-94, 113 
photolysis of, 170 
proton chemical shifts in, 107 
Raman spectra of, 81 
skeletal and deformation vibrations 
of, 89 

solvent elfect on pmr spectra of, 111 
solvent effects on, 103 
vibrational frequencies of, 82 
Nitromethane-d s microwave spectrum 
of, 106 

vibrational frequencies of, 82 
Nitromethanenitronic acid, 358 

3-Nitro-p-menthane, 309 
2-(Nitromethyl)-alkanenitronic acids, 
398 

2-Nitromethylalkanoic acids, 398 
p-Nitronictliylaniline, nitro stretching 
frequencies of, 85 

2- Nitro-3-methylbutane, preparation of 

by oxidation of oxime, 307 

3- Nitro-2-methylbutane, preparation of 

from oxime, 305 

Nitronaphthalenes, nucleophilic dis¬ 
placement reactions of, 579 
Nitronaphthols, electronic absorption 
spectra of in basic and acidic 
media, 104 

Nitronate anions, resonance stabiliza¬ 
tion of, 360 
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Nitronate anions ( continued ) 
stabilization of by hydrogen bonding, 
360-361 

stabilization of by hyperconjugation, 
376 

Nitronate salts, C-alkylation of, 417-422 
O-alkylation of, 417-422 
factors influencing C-alkylation of, 
426-430 

factors influencing O-alkylation of, 
426-430 

mechanism of in C-alkylation of, 426 
i it—it* uv absorption of, 352 
preparation of from nitroalkanes and 
metal ethoxides, 460 
preparation of from nitroalkanes and 
potassium hydroxide, 460 
preparation of from nitroalkanes and 
sodium hydroxide, 460 
primary, reaction with acylating agents 
to form trisacylhydroxylamines, 
464 

reaction with diazonium salts, 397-398 
reaction with epoxides, 451 
reaction with sulfuric acid, 439 
Nitrones, preparation from nitroso com¬ 
pounds and diazoalkanes, 269-270 
Nitronic acid amides, 469-470 
Nitronic acid anhydrides, 461-468 

base-catalyzed cleavage of, 467 
hydrolysis of with sodium hydroxide, 

466 

mechanism of hydroxamic ester for¬ 
mation from, 464 

mechanism of solvolysis reactions of, 

467 

preparation of from secondary nitro¬ 
nate salts and acid chlorides, 463 
preparation of from secondary nitro¬ 
nate salts and anhydrides, 463 
reaction with phenylhydrazine, 466 
rearrangement of primary to 
hydroxamic acids, 463 
solvolysis reactions of, 467 
Nitronic acid esters, physical properties 
of, 435-437 

preparation of, 417—435 
preparation of acyclic, 417-430 


reactions of, 437-459 
Nitronic acid halides, preparation of, 
468-469 

Nitronic acid-nitroalkane mixtures, use 
of polarography in quantitative 
analysis of, 472 
Nitronic acids, acidity of, 372 
addition of dinitrogen tetroxide to, 
395-396 

addition of halogens to, 393 
addition of hypohalogen acids to, 393 
addition of iodine monochloride to, 
393 

addition reactions of, 384-398 
bromine titration of, 471 
effect of structure on rate of 
tautomerization of, 355-358 
electrophilic addition reactions of, 
393-398 

hydrogen halide addition to, 391-392 
inductive effects on tautomerization 
rates of, 359-360 

intramolecular oxidation-reduction 
in hindered, 401 
intramolecular proton transfer 
mechanism of, 355 
iodine monochloride in quantitative 
analysis of, 471 

ionization constants of, 353, 372-376 
ir spectra of, 383 

kinetic studies of tautomerism of, 353 
mechanism for oxidation-reduction 
of, 400-401 

mechanism of hydrogen halide addi¬ 
tion to, 391-392 

mechanism of reduction of, 399-400 
mechanism of tautomerism of, 354 
nmr spectra of, 383 
nomenclature of, 350-351 
nucleophilic addition reactions of, 
384-393 

oxidation of, 398-404 
oxidation-reduction of, 400-401 
physical properties of, 382-384 
Tr-?r* uv absorption of, 352 
p K a of, 373-376 
preparation of, 376-382 
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preparation o£ by acidification of a 
Meisenheimer-type salt, 377 
preparation of by acidification of a 
nitronate salt, 376-377 
preparation of by addition of anions 
to olefins, 378 

preparation of by oxidation of oximes, 
378-379 

preparation of by photochemical con¬ 
version of nitroalkanes, 379 
preparation of from nitronic esters, 

379 

products from decomposition of, 387 
properties of, 380-382 
qualitative detection of, 470-473 
quantitative determination of, 470- 
473 

rates of tautomerization to nitro¬ 
alkanes, 356-357 
reactions of, 384-417 
with diazonium salts, 397-395 
with nitrous acid, 394-395 
reduction of, 398-404 
to oximes, 398, 399 
to oximes by hydrogen iodide, 393 
resonance stabilization of, 360 
stereochemistry of an-nitro 
tautomerism, 363-364 
stereochemistry of hydrogen halide 
addition to, 392 
tautomerism of, 350, 352-353 
tautomerization to nitroalkanes, 353- 
364 

uv spectra of, 383 

Nitronic acid salts, preparation of, 
459-461 

Nitronic carboxylic acid anhydrides, 
synthesis of, 462 

Nitronic esters, acid-catalyzed mecha¬ 
nism in isoxazolidine formation, 
459 

acidic and basic hydrolysis of, 438-443 
catalytic reduction of to amines, 443 
1,3-dipolar addition reactions of, 
453-459 

1,3-dipolar addition to olefins, 453^157 
hydrolysis of, 437-443 
to aldehydes and ketones, 438-439 


to nitroalkanes and alcohols, 438- 
443 

hydroxamic acids from, 441 
ir spectra of, 436 

mechanism of disproportionation of 
to carbonyl compounds, 445, 451 
mechanism of hydrolysis of, 440 
nmr spectra of, 436 
oxidation of, 443-453 
oxidation-reduction reaction of, 444, 
446-448 

7r-ir* uv absorption of, 352 
preparation of, by alkylation of 
nitronate salts, 417-422 
by alkylation of silver nitronate 
salts, 417, 422-423 
by reaction of iodo or bromotri- 
nitromethane with olefins, 425 
by reaction of nitroalkanes with 
diazomethane, 423-425 
by reaction of nitronic acids with 
diazomethane, 423-425 
by reaction of silver nitronate salts 
with alkyl halides, 422-423 
from trialkyl phosphates and ethyl 
acrylate, 424-425 
preparation of acyclic, 418-421 
preparation of aldehydes and ketones 
from, 445, 449-450 
preparation of hydroxamic acid 
chlorides from, 442 

preparation of hydroxamic acid from, 
442 

preparation of oximes from, 444, 
446-448 

reaction with acid to alcohols, 451 
reaction with sulfuric acid, 439 
reduction of, 443-453 
with hydrogen iodide to oximes, 443 
synthesis of isoxazolidines from, 454- 
457 

thermodynamic stability of, 429 
uv spectra of, 435-436 
m-Nitronitrosobenzene, 279 
dichroism studies on, 148 
N=0 stretching frequency of, 140 
n-ir* transition of, 148 
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o-Nitronitrosobenzene, 279 
N=0 stretching frequency of, 140 
p - N itronitrosobeiizene, 254 
dipole moment of, 284 
N=0 stretching frequency of, 140 
n-TT* absorption data of, 151 
polarographic reduction potentials of, 
151 

o-Nitro-p'-nitrosodiphenylamine, 279 
IV-Nitro-iV'-nitrosopiperazine, electronic 
absorption spectral data, 154 

2-Nitro-2-nitrosopropane, N=0 stretch¬ 
ing frequency of, 140 
5-Nitronorbornene, 386 
d-2-Nitrooctane, 354 
/-Nitrooctane, 308 

1- Nitrooctane, preparation by modified 

Victor Meyer reaction, 332 
preparation by oxidation of oxime, 
307 

preparation by Victor Meyer reaction, 
327 

2- Nitrooctane, 325, 329 

preparation by modified Victor Meyer 
reaction, 332 

preparation by Victor Meyer reac¬ 
tion, 327 

Nitro olefins, asymmetric and symmetric 
stretching frequencies of, 84 
from dehydrohalogenation of 0-nitro- 
alkyl iodides, 320 

electronic absorption spectra of, 92-94 
equilibrium composition of, 362 
infrared spectra of, 84 
infrared spectroscopy in polymeriza¬ 
tion of, 90 

7r-!r* transition bands of, 94 
Raman spectra of, 84 
Nitroparaffins, C-acylation of primary, 
314 

1-Nitropentane, 14 N chemical shifts in, 

110 

preparation of by Victor Meyer 
reaction, 327 

proton chemical shifts in, 107 
l-Nitro-3-pentanone, preparation of by 
modified Victor Meyer reaction, 
332 


jS-Nitroperfluoronitrosoethane, 280 
photolysis of, 286 
pyrolysis of, 286 

Nitrophenanthra-9,10-quinones, benzilic 
rearrangement of, 597 
5-Nitro-1,10-phenanthroline, dissociation 
of in electronic absorption 
spectroscopy, 105 

p-Nitrophenctolc, electronic absorption 
spectrum of, 102 

m-Nitrophenol, far ir spectrum of, 113 
intermolecular hydrogen bonding in, 
113 

uv spectrum of, 113 
o-Nitrophenol, far ir spectrum of, 113 
hydrogen bonding in, 112-116 
infrared spectrum of, 112-113 
intermolecular hydrogen bonding in, 
113 

nitro stretching frequencies of, 85 
tautomers of, 415-416 
uv spectrum of, 113 

Nitrophenols, effect of pH on electronic 
absorption spectra of, 104 
Nitrophenol vinyl ethers, electronic 
absorption spectra of, 102 
/t-Nitrophenylacetic acid, nitro stretch¬ 
ing frequencies of, 85 
2-Nitrophenylazide derivatives, elec¬ 
tronic absorption spectra of, 

102 

2- Nitro-l-phenylcyclohexene, 322 

3- Nitro-2- phenylcyclohexenone, 322 

4- Nitro-3-phenylisoxazoIe, 320 
a-Nitrophenylmethanenitronate, 396 

3- Nitrophenylmethanenitronic acid, 358, 

360 

isomerization of, 351 
p-Nitrophciiyliiitromcthanc, 390 

4- Nitrophenylnitromethane, 333, 360, 

386, 424, 440 

m-Nitrophenyl phosphate, in nucleo¬ 
philic photochemical displace¬ 
ment, 582-583 
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l-Nitro-3-phenylpropane, preparation of 
by modified Victor Meyer 
reaction, 332 

6-Nitropregnenolone acetate, 324 
2“-Nitroprogesterone, 312 
6«-Nitroprogesterone, 323 
6/3-Nitroprogcsteronc, 323 

1- Nitropropane, 314, 325, 390 
14 N chemical shifts in, 110 

14 N hyperfine coupling constants in 
radical anions of, 121 
nitro stretching frequencies of, 82 
nmr of, 38 

proton chemical shifts in, 107 
vibrational frequencies of, 82 

2- Nitropropane, 325 

14 N chemical shifts in, 110 
14 N hyperfine coupling constants in 
radical anions of, 121 
nitro stretching frequencies of, 82 
n~ir transition bands of, 93 
preparation of by Victor Meyer re¬ 
action, 327 

vibrational frequencies of, 82 

2-Nitro-l,3-propanediol, 338 
Nitropropene, electron absorption 
spectrum of, 37 
electronic spectrum of, 37 

1-Nitropropene, nmr spectrum of, 107 

1-Nitro-l-propene, electron absorption 
spectrum of, 39 

uv absorption spectrum of, 167 

1- Nitro-2-propene, infrared spectros¬ 

copy in isomerization of, 90 

2- Nitro-l-propene, electron absorption 

spectrum of, 39 

3- Nitropropene, nmr spectrum of, 107 

3-Nitro-l-propene, electron absorption 

spectrum of, 39 

3-Nitropropionic acid, natural occur¬ 
rence of, 333 

a-Nitropropiophenone, 312, 316, 318 

2-Nitropropiophenone, preparation of 
by modified Victor Meyer 
reaction, 332 

2-Nitropyridine, electronic absorption 
spectrum of, lQg 


3- Nitropyridine, electronic absorption 

spectrum of, 102 

electronic absorption spectrum of 
anion of, 106 

4- Nitropyridine, electronic absorption 

spectrum of, 102 

Af-Nitropyrrolidones, electronic absorp¬ 
tion spectra of, 102 
Nitro salts, bending vibrations of, 90 
infrared spectra of, 88-89 
nitro stretching frequencies of, 88-89 
Nitrosative decarboxylation, kinetics of, 
227-228 

mechanism of, 227-228 
gem-Nitrosoacetates, 238 
o-Nitrosoacetophenone, 243 
Nitrosoacetylenes, 274 
1-Nitrosoacetylenes, preparation of, by 
reaction of nitrosyl chloride with 
an organo mercury compound, 
235 

Nitrosoalkanes, cis-trans isomerism in 
dimers of, 149 
dimers of, 14-15 
electronic spectra of, 11-15 
interconversion of isomeric dimers of, 
255 

n- 7t* transition of, 11-15 
w-ir* transition of, 11-15 
physical properties of, 10-15 
solvent effects on uv spectra of dimers 
of, 150 

spectral characteristics of, 13 
stability of dimers of, 255 
Af-Ni trosoamides, N=0 stretching 
frequency of, 145 

Nitrosoamines, electronic absorption 
spectra of, 152-155 
ir bands of, 145 

N=0 stretching frequency of, 144—146 
Af-Nitrosoamines, proton chemical shifts 
in related to carbonium ions, 158 
p-Nitrosoanisole, 253 
n-ir* absorption data of, 151 
polarographic reduction potentials of, 
151 

o-Nitroso-o'-azidobiphenyl, 263 
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^-Nitrosobenzaldehyde, ti-i r* absorp¬ 
tion data of, 151 

polarographic reduction potentials of, 

151 

o-Nitrosobenzamide, 247 
Nitrosobenzene, 234, 241-242, 244, 252, 
262-264, 266-267, 269-270, 275, 
278-279, 281, 287 

acid-catalyzed self-condensation of, 
272 

from azoxybenzene by pyrolysis, 249- 
250 

coupling constants of radical anion 
of, 160-161 

dipole moment of, 53, 284 
electronic absorption spectra of, 148— 
149 

electronic structure of, 51-54 
enthalpies of dimerization of, 150 
esr spectrum of, 64 
esr spectrum of radical anion of, 160 
irradiation of, 206-207 
microwave spectra of, 161 
N=0 stretching frequency of, 140 
from iV-phenylbenzalnitrone by 
photolysis, 249-250 
n-ir* absorption data of, 151 
pK„ of, 271 

polarographic reduction potentials of, 
151 

polarographic reduction to radical 
anion, 262-263 

radical anion of, 262-263, 282 
Raman study of cis dimer, 142 
reaction of, with phosphonium ylides, 
278 

with sulfonium ylides, 278 
visible absorption data of, 150 
Nitrosobenzene iron tricarbonyl, 245 
gero-Nitrosobenzoates, 238 
o-Nitrosobenzoic acid, 242, 278 
from o-nitromandelonitrile, 247 
by photochemical isomerization of 
o-nitrobenzaldehyde, 246 
p-Nitrosobenzoic acid, 251 
o-Nitrosobenzophenone, 248 


N-Ni trosobis-(2,2,2-trilluorocthylaminc), 
electronic absorption spectral 
data of, 154 

N=0 stretching frequency of, 145 
N-Nitrosobic (trifluoromethyl)amine, 

243 

t-Nitrosobutane, nmr spectra of dimer 
of, 159 

nmr spectra of monomer of, 159 

1- Nitrosobutane, ir absorption of cis 

dimer of, 143 

ir absorption of trans dimer of, 143 
solvent effects on uv spectrum of cis 
dimer of, 150 

solvent effects on uv spectrum of trans 
dimer of, 150 

2- Nitrosobutane, ir absorption of cis 

dimer of, 143 

ir absorption of trans dimer of, 143 
IV-Nitrosocarbazole, ir bands of, 145 
Nitrosocarboranes, 234-235 
Nitroso compounds, from a-branched 
peroxycarboxylic acids, 228-229 
cleavage of C-nitroso bond of, 284-285 
complexes of with Lewis acids, 274 
complexes of with metal chelates, 
274-275 

complexes of with metal salts, 273— 

274 

conjugate addition reactions of, 286 
Cotton effect of, 155 
deoxygenation of by isonitriles, 263- 
264 

dimerization of, 252-255 
Ehrlich-Sachs Reaction of, 277-278 
electronic absorption spectra of, 147— 
155 

enthalpies of dimerization of, 150 
esr spectra of, 160 
fragmentation reactions of, 286-287 
halogen atom expulsion in, 207-208 
o-halogen displacement in, 260 
hydrogen abstraction in, 206-207 
ir spectra of, 138-147 
isomerization of to oximes, 255-257 
microwave spectra of, 161 
natural occurrence of, 251 
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jV-nitritoamine formation from, 205- 
206 

by nitrosation of olefins with nitrites, 
229 

by nitrosation of olefins with nitrogen 
oxides, 230 

by nitrosation of olefins with 
nitrosamines, 230 

by nitrosation of olefins with nitrosyl 
chloride, 230-231 

by nitrosation of olefins with nitrosyl 
sulfuric acid, 232 

by nitrosation of olefins with nitrous 
acid, 229 

nitroxide formation from, 203-205 
nmr spectra of, 155-160 
oxidation of, 264-265 
photocycloelimination of, 207 
photodissociation of, 203-206 
photolytic disproportionation of, 285- 
286 

preparation of, by base-catalyzed 
isomerization of AT-nitroso- 
hydrazones, 225 
by Baudisch Reaction, 222-223 
by condensation reactions, 250-251 
by dehydrohalogenation of olefin 
nitrosohalides, 232 
by deoxygenation of nitro com¬ 
pounds, 244-248 
from diazo compounds, 251 
from diazonium compounds, 251 
by electrolysis of oxime salts, 250 
by Fischer-Hepp reaction, 223-225 
from irradiated alkanes and nitrosyl 
halides, 219-220 
by the Nef reaction, 248-249 
from nitric oxide and radicals, 217— 
219 

by nitrosation of aromatic ethers, 
226-227 

by nitrosation of heterocycles with 
nitrite esters and alkoxides, 233- 
234 

by nitrosation of olefins, 229-232 
by nitrosation of phenols, 226 


by nitrosation of phenols with 
nitrite esters and alkoxides, 
233-234 

by nitrosation of primary aromatic 
amines, 225-226 
by nitrosation of secondary aro¬ 
matic amines, 223-225 
by nitrosation of tertiary aromatic 
amines, 223 

by nitrosative decarboxylation, 227- 
229 

by oxidation of dioximes, 238-240 
by oxidation of hydroxylamines, 

240- 241 

by oxidation of nitrones, 243 
by oxidation of primary amines, 

241- 242 

by oxidation of Schiff bases, 243 
by oxidation of secondary amines, 
242 

by oxidation of tertiary amines, 243 
by oxidative nitrosation, 222-223 
by photolysis of nitrite esters, 220- 
222 

by pyrolysis of heterocycles, 249- 
250 

by pyrolysis of nitrite esters, 220- 

222 

from a radical and an olefin, 218- 
219 

by reaction of organometallics and 
nitrosyl chloride, 234-235 
by reduction of nitro compounds, 
244-248 

pyrolytic disproportionation of, 285- 
286 

reaction of, with acetylenes, 268 
with active hydrogen compounds, 
271-273 

with amines, 278-283 
with arynes, 268 

with azomethine derivatives, 269 
with conjugated dienes, 270-271 
with diazoalkanes, 269-270 
with free radicals, 265-266 
with Grignard reagents, 276-277 
with hydrazines, 278-283 
with hydroxylamines, 278-283 
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Nitroso compounds, reaction of 
( continued) 

with methylene groups in carbonyl 
compounds, 275-276 
with methylene groups in olefins, 
275-276 

with methylene groups in Schiff 
bases, 275-276 

with methynyl groups of carbonyl 
compounds, 275-276 
with methynyl groups in olefins, 
275-276 

with methynyl groups in Schiff 
bases, 275-276 
with monoolefins, 266-268 
with phenols, 272 
with phosphorous ylids, 268 
with thioketones, 268 
reduction of, 260-263 
reduction paths of, 261 
reductive alkylation of, 262 
solvent effects of in addition of 
nitrosyl chloride to olefins, 
231-232 

steric inhibition of resonance by ortho 
effects in monomers, 254 
ultraviolet spectroscopy of, 202 
visible absorption data of, 150 
C-Nitroso compounds, diamagnetism 
of, 252 

nmr spectra of dimers of, 159 
N=0 stretching frequency of, 140 
N=0 stretching vibration frequency 
of, 139-144 

paramagnetic resonance absorption of, 
252 

gem-Nitrosocyanides, pyrolysis of, 285 
4-Nitrosocycloheptanol, 222 
Nitrosocyclohexane, 241 

enthalpies of dimerization of, 150 
N=0 stretching vibrations of, 139, 140 
Raman study of trans dimer, 142 
visible absorption data of, 150 
4-NitrosocycIooctanol, 222 
o-Nitroso-A'V'V-dimethylariifirie, 277 
^-Nitrosodimethylaniline, 258, 272, 278, 
283 


dipole moment of, 284 
p K a of, 284 

p-Nitroso-NjN-dimethylaniline, 223, 

274, 280 

/-)-Nitroso-iV,iV-dirnethylaniline ferro- 
cyanide, 273 

3-Nitroso-2,5-dimethylpyrrole, 233 
l-Nitroso-3,5-dinitro-1,3,5-triazacyclo- 
hexane, 669 

iV-Nitrosodiphenylamine, ir bands of, 

145 

p-Nitrosodiphenylamine, 244, 279 
gem-Nitrosoesters, preparation of from 
oximes, 238 

Nitrosoethane, ir absorption of cis 
dimer of, 143 

solvent effects on uv spectrum of cis 
dimer of, 150 

solvent effects on uv spectrum of 
trans dimer of, 150 

l-Nitroso-2-jV-ethylaminonaphthalene, 

279 

IV-Nitrosoethylaniline, ir bands of, 145 
^-Nitroso-JV-ethylanthranilic acid, from 
Af-ethylanthranilic acid, 225 
Nitroso group, activation of a-sub- 
stituents by, 259-260 
as activator in nucleophilic displace¬ 
ment reactions, 283-284 
base-catalyzed condensations of, 277- 
278 

1,5-migration of (Barton reaction), 
221-222 

photochemistry of, 202-208 
primary photochemical processes of, 
203-208 

spectroscopy of, 137-161 
Nitrosoguanidines, N=0 stretching 
frequency of, 145 

gem-Nitrosohalides, preparation of from 
oximes, 235-238 
7-Nitrosoheptanal, 222 
1-Nitrosohexyne-l, 266 
Nitrosohydroxylamine, ir spectra of, 

146 

N—N stretching frequency of, 146 
N=0 stretching frequency of, 146 
3-Nitrosoindole, 233 
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Nitrosoisopropylacetone, photocyclo¬ 
elimination of, 207 
Nitrosomesitylene, 269 
N=0 stretching frequency of, 140 
Nitrosomethane, 256, 266 
from f-butyl nitrite, 220 
dimer of, 252 
geometry of, 10-11 
ir absorption of cis dimer of, 143 
ir absorption of trans dimer of, 143 
nmr spectra of cis dimer of, 159 
nmr spectra of trans dimer of, 159 
N=0 stretching vibrations of, 139, 

140 

solvent effects on uv spectrum of cis 
dimer of, 150 

solvent effects on uv spectrum of 
trans dimer of, 150 
iV-Nitrosomethylaniline, ir bands of, 

145 

2-Nitroso-2-methylpropane, 243 

1- Nitroso-2-naphthol, 279 
cobalt chelate of, 274 

m-Nitrosonitrosobenzene, N=0 stretch¬ 
ing frequency of, 140 

2- Nitroso-3-nitro-p-xylene, 249 
Nitrosonium ion, stretching frequency 

of, 138 

1-Nitrosopentane, solvent effects on uv 
spectrum of cis dimer of, 150 
solvent effects on uv spectrum of 
trans dimer of, 150 
o-Nitrosophenol, 257 

solvent effects on the electronic ab¬ 
sorption spectrum of, 152 
p Nitrosophenol, 257, 273, 284 
n-jr* absorption data of, 151 
polarographic reduction potentials of, 
151 

Nitrosophenols, chelates of, 274 
ir studies on, 143 

p-Nitroso-A'-phenyl-A'-methylariiline, 

223 

Nitrosopiperazines, ir data of, 146 
A'-Nitrosopiperidinc, electronic absorp¬ 
tion spectral data of, 154 
ir bands of, 145 


1- Nitrosopropane, solvent effects on uv 

spectrum of cis dimer of, 150 
solvent effects on uv spectrum of trans 
dimer of, 150 

2- Nitrosopropane, solvent effects on uv 

spectrum of cis dimer of, 150 
solvent effects on uv spectrum of trans 
dimer of, 150 
/3-Nitrosopyrroles, 257 
0-Nitrosostyrene, 232 
a-Nitrosotoluene, 256 
dimer of, 253 

nmr spectra of dimer of, 159 
/j Nitrosotoluene, 252, 272, 278 
n-ir* absorption data of, 151 
polarographic reduction potentials of, 
151 

Nitrosotrifluoromethane, 249 
A’-Nitrosourethanes, nmr spectra of, 158 
o-Nitrostilbene, nitro group participa¬ 
tion in photocycloaddition of, 
195-197 

a-Nitrostyrene, preparation of by Victor 
Meyer reaction, 327 
/3-Nitrostyrene, 199 

cylcloaddition of with olefins, 176-177 
photodimerization of trans isomer of, 
176 

photolysis of trans isomer of, 175 
Nitrosyl chloride, n-rr* transition of, 148 
tt-jt* transition of, 148 
use of as nitrating agent, 323 
Nitrosyl halides, N=0 stretching fre¬ 
quency of, 138 

6a-Nitrotestosterone, 323, 324 
6j8-Nitrotestosterone, 323 
2-Nitro-a-tetralone, 312, 410 
2-Nitro-l-tetralone oxime, 322 
Nitrothiophene derivatives, electronic 
absorption spectra of, 102 
o-Nitrotolan, nitro group participation 
in photocycloaddition of, 197-198 
m-Nitrotoluene, nitro stretching fre¬ 
quencies of, 85 
o-Nitrotoluene, 355 
mechanism of photolysis of in hydro¬ 
gen abstraction, 182 
nitro stretching frequencies of, 85 
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^-Nitrotoluene, 355 

coupling constants of, 109 
esr spectra of radical anions of, 122- 
123 

nitro stretching frequencies of, 85 
pmr spectra of, 109 
proton chemical shifts of, 109 
Nitrotoluidines, nmr spectra of, 109 
Nitrotribromomethane, electron diffrac¬ 
tion studies on, 32 

Nitrotrichloromethane, nitro stretching 
frequencies of, 82 
n-tr* transition bands of, 93 
Nitrotrifluoromethane, electron diffrac¬ 
tion studies on, 32 
nitro stretching frequencies of, 82 
n-tr* transition bands of, 93 
Nitrourea, decomposition of, 625 
Nitroureas, nitro stretching frequencies 
of, 88 

preparation of from aliphatic primary 
nitramines and isocyanates, 623 
Nitrourethane, nmr spectrum of, 674 
7 -Nitrovaleric acid, 333 
Nitrovinylation reaction, preparation of 
4-keto-l-nitroolefins by, 414-415 
&z's-Nitroxyethylnitramine, x-ray diffrac¬ 
tion of, 674 

&z's-Nitroxyethylnitrooxamide, prepara¬ 
tion of, 639-640 

Nilro-p-xylerie, pmr spectra of, 109 
Nitroxyl radical, 251, 256 
Ms-Nitroxymethylnitramine, 656 
Nitryl chloride, use of as nitrating 
agent, 318-319 

Nuclear magnetic resonance spectra, of 
nitro group, 106-111 
of nitroso compounds, 155-160 
Nuclear magnetic resonance spec¬ 
troscopy, of aromatic nitro 
compounds, 54-58 
of aromatic nitroso compounds, 

54-58 

of dinitromethane, 38 
of nitroalkanes, 38 
of 1-nitrobutane, 38 
of nitroethane, 38 
of nitromethane, 38 


of 1-nitropropane, 38 
of trinitromethane, 38 
Nuclear magnetic resonance spectrum, 
of nitramine, 674 
of nitrourethane, 674 
Nucleophilic addition reactions, of 
nitronic acids, 384-393 
Nucleophilic aromatic substitution, ad¬ 
dition-elimination mechanism in, 
490 

elimination-addition mechanism in, 
490 

■VI-mechanism in, 491 
Nucleophilic displacements, activating 
effect of nitro group in, 489-490 
of alkoxy groups, by amines in 
nitroaromatics, 569-572 
in trans-etherification in nitro¬ 
aromatics, 565-568 
in hydolysis in nitroaromatics, 565- 
568 

by mercaptides in nitroaromatics, 

571 

of amino groups from nitroaromatics, 
574-575 

of ammonium groups from nitro¬ 
aromatics, 574-575 

of aryloxy groups, by amines in nitro¬ 
aromatics, 569-572 
in trans-etherification of nitro¬ 
aromatics, 565-568 
in hydrolysis of nitroaromatics, 565- 
568 

by mercaptides in nitroaromatics, 
571 

deactivation factors of halogens in 
halonitrobenzenes, 538-539 
effect of substituents in the substrate 
on,536-540 

of ester group from aromatic nitro- 
carboxylates, 572-573 
of halogens from nitrohalobenzenes 
by halogens, 512-514 
from halonitrobenzenes by mercaptide 
and thiophenolate anions, 515 
from o-halonitrobenzenes by methox- 
ide ions, 536 
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in heterocyclic nitrocompounds, 581- 
582 

o£ hydrogen in nitroaromatics, 554- 
561 

influence of carbonyl group on in 
halonitrobenzenes, 537 
influence of polarizability on halo¬ 
nitrobenzenes in, 549 
intramolecular hydrogen bonding in 
fluoronitrobenzenes, 529-530 
isotope effects in nitroaromatics, 

530- 531 

kinetics of two-step mechanism of, 
520-530 

nature of intermediate complexes in, 

531- 536 

nature of transition states in, 531-536 
of nitro groups in nitroaromatics, 
561-565 

from nitrohalobenzenes, by alkoxy- 
and phenoxyanions, 512 
by amines, 499-506 
by azide and thiocyanate anions, 515 
by carbanions, 515-516 
by hydroxide or water, 507-512 
by sulfides, 514 

by sulfite, carboxylate, and thio- 
sulfone, 516-517 

of phosphate group from aromatic 
nitrophosphates, 572-573 
in polycyclic nitrocompounds, 578-581 
rate of halogen displacement, from 
halodinitrobenzenes, 578 
from halodinitronaphthalenes, 578 
rates in base catalysis on the reactions 
of substituted nitrobenzenes with 
amines, 522-527 

reactions of, nitroanthracenes, 579 
nitronaphthalenes, 579 
reactivity of, leaving group in, 542-548 
nucleophiles in, 549-552 
relative leaving abilities for various 
substituents in nitroaromatics, 

543 

relative rates of displacement of halo¬ 
gen from halonitrobenzenes in, 
544-545 


relative reactivities of nucleophiles 
with fluoro- and iodonitro- 
benzenes, 550 

relative reactivities for various nucleo¬ 
philes with halonitrobenzenes, 
547, 548 

solvent effects on the rate of reaction 
in,552-554 

steric effects in, 540-542 
substituent effects in nucleophilic re¬ 
agents correlated by the Hammett 
equation in halonitrobenzenes in, 
551 

of substituted nitroaromatics, 575- 
577 

of sulfonate groups from aromatic 
nitrosulfonates, 572-573 
transition state of one stage mecha¬ 
nism, 519 

transition states of two stage mecha¬ 
nism, 519 

Nucleophilic photochemical displace¬ 
ment, of alkoxy groups in nitro¬ 
aromatics, 582-585 
of halogen from halonitroaromatics, 

585- 586 

of nitro groups from nitroaromatics, 

586- 587 

Nucleophilic photosubstitutions, via 

7r-7r* excited singlet state, 584-585 
of m-nitrophenyl esters, 584 
of m-nitrophenyl ethers, 584 
Nucleophilic substitution, in aromatic 
systems, 489 

displacement reactions of halonitro¬ 
benzenes, 492-518 
energy diagram of aromatic, 520 
kinetics of, 518-554 
mechanism of, 518-554 
one stage mechanism of, 518-520 
two stage mechanism of, 518-520 

O 

Octane-2-nitronic acid, 362 
Organic nitrites, N=0 stretching vibra¬ 
tion frequency of, 139 
Orton rearrangement, 616 
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Oxidation, of nitronic acids, 398-404 
of nitronic esters, 443-453 
of nitroso compounds, 264-265 
of oximes to nitro compounds, 306-308 
Oxidative nitration, see Kaplan-Shechter 
reaction 

Oximes, conversion to nitro compounds, 
302-308 

from nitroso compounds by isomeriza¬ 
tion, 255 

oxidation of to nitro compounds, 306- 
308 

o-Oximinoketones, formation of by 

photo-induced rearrangement of 
a ,unsaturated nitro compounds, 
177 

Oxindigos, 410-411 

P 

Pentafluoronitrosoethane, pyrolysis of, 
285 

Pentamethylnitrosobenzene, 234 
Peracetic acid, use in oxidation of 
amines, 308-309 

Peracids, use in oxidation of amines, 
308-310 

Perbenzoic acid, use in oxidation of 
amines, 308 

Perfluoronitrosoalkanes, reversible pho¬ 
tochemical dimerization of, 285 
Perfluoronitrosomethane, irradiation of, 
205-206 

Perfluoro 2-nitroso-2-methylpropane, 285 
Peroxytrifluoroacetic acid, preparation 
of, 308 

use in oxidation of oximes, 306-308 
Phenylazonitronic acid, 398 
Phenylchloronitrosomethane, 392 
Phenyl-1,2-diaminoethane, 443 
Phenyldinitromethane, 338 
Phenylmethanenitronic acid, 360, 362, 
392, 424 

ionization constant of, 353-354 
mechanism of reaction of with acyl 
chlorides to hydroxamic acid 
chloride, 465 

reaction of, with acetyl chloride to 
hydroxamic acid chloride, 465 


with benzoyl chloride to hydrox¬ 
amic acid chloride, 465 
Phenylnitramine, reaction of with 
nitrous acid, 621 
Phenyl nitrene, 263 

a-Phenylnitroethane, preparation of by 
oxidation of oxime, 307 
l-Phenyl-2-nitroethanol, 307 
Phenylnitromethane, 310, 314, 334, 338, 
379 

nitro stretching frequencies of, 82 
preparation of by modified Victor 
Meyer reaction, 332 
3-Phenyl-l-nitropropane, 424 
1 - Phenyl-2-nitropropene, photolytic 
isomerization of, 221 
Phenylnitrosomethane, enthalpies of 
dimerization of, 150 
visible absorption data of, 150 
1-Phenyl-l-nitroso-2-nitropropane, 229 
Phenylpseudonitrole, 395, 396 
Photochemical displacement, of alkoxy 
groups in nitroaromatics, 582-585 
of halogen from halonitroaromatics, 

585- 586 

of nitro groups from nitroaromatics, 

586- 587 

Photochemistry, of nitro group, 165-202 
of nitroso group, 202-208 
Photolysis, of methyl o-nitrosobenzoate, 
286 

of nitrite esters, 220-222 
of /3-nitroperlluoronitrosoethane, 286 
of IV-phenylbenzalnitrone to nitroso- 
benzene, 249-250 

Photolytic disproportionation, of nitroso 
compounds, 285-286 
Physical properties, of nitramines, 670- 
680 

Picric acid, electronic absorption spec¬ 
trum of, 106 

Polarography, of nitroalkanes, 372 
of nitronic acids, 372 
use of in quantitative analysis of 
nitronic acid-nitroalkane 
mixtures, 472 

Polycyclic nitrocompounds, nucleophilic 
displacements in, 578-581 
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Polynitriraines, 649-670 
from acetic anhydride, nitrates, and 
hexamethylenetetramine, 660-670 
electrical polarization of, 675-680 
preparation of from nitric acid and 
hexamethylenetetramine, 651-660 
X-ray diffraction of, 674 
Polynitroamines, nitro stretching 
frequencies of, 88 

Polynitroaromatics, Meisenheimer com¬ 
plexes from the reaction of with 
diazomethane, 595 
reaction of with diazomethane, 595 
ring enlargement of, 595-597 
Polynitrobenzenes, rates of reaction of 
with aniline, 562 

Polynitro compounds, by oxidative 
nitration, 336-339 
preparation of, 334-340 
by alkyl nitrate nitration, 335 
by conversion of olefins, 335 
by internal displacement reactions, 
339-340 

by Kaplan-Shechter reaction, 336- 
339 

by oxidation of diamines, 335 
by oxidation of pseudonitroles, 339 
by ter Meer reaction, 335-336 
by Victor Meyer reaction, 335 
Potassium fluorene-9-nitronate, 379, 452 
Potassium indene-l-nitronate, 415 
Potassium 1-nitroethanenitronate, 396, 
467 

Potassium 1-nitromethanenitronate, 467 
Potassium trinitromethane, 425 
Potentiometric titrations, of nitro- 
alkanes, 372 
of nitronic acids, 372 
Primary isonitramines, 619-623 
tautomerism in, 619-620 
Primary nitramides, 624-627 
from nitrimides by isomerization in 
alkali, 641-643 
preparation of, 624 
by nitration of urea, 624 
Primary nitramines, 614-619 
acidity of, 618 


aliphatic reaction with isocyanates 
to nitroureas, 623 
hydrogenolysis of, 623 
physical properties of, 617-618 
preparation of, by alkaline hydrolysis 
of nitramides, 615-616 
from dichloroamines, 617 
by oxidation of salts of diazotates, 
616 

by reaction of ethyl nitrate with 
amines in base, 616-617 
reaction with diazomethane, 620 
reaction with nitrous acid, 620-621 
reduction of aromatic, 622-623 
tautomerism in, 618 
Primary photochemical processes, of 
nitro compounds, 168-200 
1,3-Propanebisnitronic acid, intra¬ 
molecular hydrogen bonding in, 
372 

Propane-2-nitronic acetic anhydride, 
hydrolysis of, 466 
Propane-l-nitronic acid, 362 
1 - Propionyl-3,5,7-trinitro-1,3,5,7-tetraza- 
cyclooctane, 668 

o-i-Propylnitrobenzene, electronic ab¬ 
sorption spectrum of, 99 
p-i-Propylnitrobenzene, electronic ab¬ 
sorption spectrum of, 97 
p-n-Propylni trobenzene, electronic ab¬ 
sorption spectrum of, 101 
N-i-Propyl-iV-phenylnitrosamine, chemi¬ 
cal shifts of, 157 

Pseudonitrole, mechanism for formation 
of, 394 

stereochemistry for formation of, 394- 
395 

Pyridine N-oxide, dipole moment of, 
64-65 

electron absorption spectrum of, 65-66 
electronic structure of, 64-68 
n-ir* transitions of, 66 
Pyridyl nitrophenylmethanes, 379 
Pyrolysis, of azoxybenzene to nitroso- 
benzene, 249-250 

of heterocyeles to nitroso compounds, 
249-250 

of nitrite esters, 220-222 
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Pyrolysis ( continued) 

of /3-nitroperfluoronitrosoethane, 286 
of gem-nitrosocyanides, 285 
of pentafluoronitrosoethane, 285 
of trifluoronitrosomethane, 285 
Pyrolytic disproportionation, of nitroso 
compounds, 285-286 

R 

Radical anions, in C-alkylation of 
nitronate salts, 426 
esr spectroscopy of, 121-125 
as intermediates in reduction of 
nitronic acids, 399-400 
of nitroalkanes, 37-38 
of nitroaromatic compounds, 58-64 
Radical substitution, in aromatic 
systems, 489 

Raman spectra, of aromatic nitro 
compounds, 85-88 

of heterocyclic nitro compounds, 85-88 
of N-methylphenylnitramine, 670 
of nitramines, 670-673 
of nitrobenzene, 70 
of nitro compounds, 80-91 
of nitrodienes, 84 
of nitro-olefins, 84 

Rates of reaction, of halogen displace¬ 
ment from halodinitrobenzenes, 
578 

of halogen displacement from halo- 
dinitronaphthalenes, 578 
of polynitrobenzenes with aniline, 562 
RDX, 657 

Reaction rates, relative, of 2,4-dinitro- 
and 4-nitrohalobenzenes with 
etoxide and piperidine, 494 
of o- and /z-ni troll alo benzenes with 
various nucleophiles, 495-496 
Rearrangement reactions, of nitro- 
aromatics, 587-598 
of polynitroaromatics, 595-597 
von Richter reaction, 591-595 
Reduction, of nitro compounds, 244- 
248 

of nitronic acids, 398-404 


of nitronic esters, 443-453 
of nitroso compounds, 260-263 
sodium borohydride of gem-halonitro 
compounds, 304 

Ross-Schiessler process, 661 

S 

Salt of nitromethane, infrared spectra 
of, 89 

Salts of 1,1-dinitroalkanes, infrared 
spectra of, 89 

Salts of a-nitroketones, infrared spectra 
of, 89 

Salts of a-nitronitriles, infrared spectra 
of, 89 

Sanger reagent, 499 

Saturated nitro compounds, asymmetric 
stretching frequencies of, 81-84 

Secondary isonitramines, 637-639 
preparation of by alkylation of pri¬ 
mary nitramines, 637-638 
reaction of with sulfuric acid, 638-639 

Secondary nitramides, 639-645 
preparation of by reaction of amides 
with nitric acid, 639-641 

Secondary nitramines, 628-637 
chain reaction mechanism in nitra¬ 
tion of amines, 635 
effect of chloride ion in preparation 
of, 634-637 

influence of basicities of amines in 
preparation of, 630 
mechanism of preparation of by 
acidic nitration of amines, 631 
preparation of, 628 
preparation of by acidic nitration of 
amines, 631 

preparation of by nitration of 
chloramines, 636 

preparation of by nitration-oxidation 
of aromatic amines', 628-637 
preparation of from amines, 633 
preparation of from nitrosoamines, 

633 

from primary nitramines by Michael 
reaction, 633 
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Semicarbazones, nmr spectra of, 108 
Semiempirical calculations, of nitrogen 
dioxide, 24 

Silver dinitromethanenitronate, 
C-alkylation of, 428 
Silver nitrocyanomethanenitronate, 
O-alkylation of, 428 
Silver 1-nitroethanenitronate, 445 
Silver nitronate salts, use of in prepara¬ 
tion of nitronic esters, 460 
Silver phenylmethanenitronate, 
C-alkylation of, 429 
Silver picrate, 423 

Smiles rearrangement, mechanism of, 
587-588 

of nitroaromatics, 587-591 
Sjfl-mechanism, in nucleophilic aro¬ 
matic substitution, 491 
Sodium bicyclo(2.2.1)-heptane-2- 
nitronate, 395 
Sodium borohydride, 311 

reduction of gem-halonitro com¬ 
pounds with, 304 
Sodium butane-2-nitronate, 438 
Sodium cyclohexanenitronate, 422 
Sodium cyclopentanenitronate, 422 
Sodium ethanenitronate, 464 
Sodium methanenitronate, deformation 
vibrations of, 90 

Sodium /j-nitrophcnoxide, nitro stretch¬ 
ing frequencies of, 85 
Sodium 3-nitropropionate, 333 
Sodium phenylmethanenitronate, 379, 
464 

Sodium propane-2-nitronate, 339, 422 
C-alkylation of, 427 
O-alkylation of, 427 
Solvation, effect on rate of chlorine dis¬ 
placement from nitroaromatics, 
498 

Solvent effects, on the rate of reaction 
in nucleophilic displacements, 
552-554 

Spectroscopy, of hydrogen bonding, 112— 

116 

of keto-enol equilibria, 112-116 
of nitro group, 167-168 
of nitroso group, 137-161 


of proton removal from nitrocyclo- 
hexanes, 370 

Steric effects, effect of on rate of proton 
removal of nitroallcanes, 367-370 

Steric interactions, in electronic absorp¬ 
tion spectra, 96, 100 

Substituted nitrobenzenes, electronic 
properties of, 48-51 
solvent effects on electronic absorp¬ 
tion spectra, 103 

Substitution reactions, of aromatic 
nitroso compounds, 283-284 

Sydnones, N=0 stretching frequency of, 
145 

T 

ter Meer reaction, 404 
mechanism of, 335-336 
preparation of polynitro compounds 
by, 335-336 

1.1.4.4- Tetrabromo-1,4-dinitrobutane, 

311 

3.6- Tetrahydrooxazines, 249 

2.3.5.6- Tetra-wo-propyl-l-nitrobenzene, 
infrared spectrum of, 87 

2.3.5.6- Tetramethylnitrobenzene, esr 
spectrum of, 63 

a,a,w,w-Tetranitroalkanes, preparation 
of by ter Meer reaction, 335 

1.1.4.4- Tetranitrobutane, 335, 338, 404 

1.1.7.7- Tetranitroheptane, 338 

1.1.6.6- Tetranitrohexane, 338 

Tetranitromethane, charge-transfer com¬ 
plexes with aromatic hydro¬ 
carbons, 119 

U N chemical shifts in, 110 

1.4.5.8- Tetranitronaphthalene, esr 
spectrum of, 63 

1.1.1.3- Tetranitropropane, 340 

1.1.3.3- Tetranitropropane, 340 

1.3.5.7- Tetranitro-l,3,5,7-tetrazacyclo- 
octane, 657 

TETRYL, 640 

Transition states, nature of in nucleo¬ 
philic displacements, 531-536 

Trialkyl phosphites, use of in prepara¬ 
tion of nitronic esters, 424-425 
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2-H-l ,2,3-Triazole-1,3-dioxide, 470 

2,4,6-Tribromonitrosobenzene, enthal¬ 
pies of dimerization of, 150 
N=0 stretching frequency of, 140 
visible absorption data of, 150 
Trichloronitrosomethane, 222 
N=0 stretching frequency of, 140 
Trifluoroethyl nitrite, N=0 stretching 
vibration frequency of, 139 
o-Trifluoromethylnitrobenzene, nitro 
stretching frequencies of, 85 
m-Trifluoromethylnitrosobenzene, 244, 
265 

Trifluoronitrosomethane, 222, 263, 265, 
267, 269, 271 
ir spectrum of, 145 
N=0 stretching frequency of, 140 
ra-ir* transitions of, 69 
pyrolysis of, 285 

Trihydroxymethylnitrosomethane, dis¬ 
sociation of, 286-287 

2.4.5- Trimethoxynitrosobenzene, 259 

2.2.4- Trimethyl-5-nitrocyclopentanone, 

312 

Trimethylamine N-oxide, dative bond 
in, 22-23 

dipole moment of, 22, 64-65 
N—O bond length of, 22-23 
uv spectrum of, 23 

2.4.6- Trimethylnitrosobenzene, enthal¬ 

pies of dimerization of, 150 
visible absorption data of, 150 
sym-Trinitrobenzene, 201 

charge-transfer interaction with aro¬ 
matic hydrocarbons, 117-118 
charge-transfer spectrum of with 
naphthalene, 117 

electronic absorption spectrum of, 96 

1.3.5- Trinitrobenzene, 414 
coupling constants of, 109 
visible spectra of with sodium 

methoxide, 106 

Trinitrobenzene derivatives, electronic 
absorption spectra of in alkaline 
solutions, 106 

1.3.5- Trinitrobenzene derivatives, infra¬ 

red data of, 90 


Trinitrobenzenes, solvent effects on elec¬ 
tronic absorption spectra, 103 
Trinitromethane, electronic absorption 
spectrum of, 94 
14 N chemical shifts in, 110 
nmr of, 38 

proton chemical shift in, 107 
Trinitromethyl carbinols, determination 
of dissociation of in electronic 
absorption spectroscopy, 104 

2,4,6-Trinitrophenol, coupling constants 
of, 109 

!V-l,3,5-Trinitrosophenyl-lV'-phenyl- 
hydrazine, 245 

Trinitrosophloroglucinol, 226 

1.3.5- Trinitroso-l,3,5-triazacyclohexane, 

electronic absorption spectral 
data of, 154 

from hexamethylenetetramine and 
nitrous acid, 668-669 
Trinitrotoluene, 377 

3.4.5- Triphenyl-2-isoxazoline-2-oxide, 

431 

Triphenyl phosphine, see Deoxygena¬ 
tion 

Triphenylphosphonium methylide, as 
alkylating agent in nucleophilic 
displacement of nitroaromatics, 
556 

Tripotassium 1,3,5-triazacyclohexane- 

1,3,5-trisulfonate, 670 
Trisacylhydroxylamines, 464 

U 

Ultraviolet spectra, see also Electron 
absorption spectra 
of nitramines, 673 
Ultraviolet spectroscopy, of nitroso 
compounds, 202 

V 

Valence bond calculations, 533 
Valence electrons, discussion of, 3-4 
Vibrational spectra, of nitramines, 670- 
673 
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Victor Meyer reaction, 310, 325-329, 390 
experimental conditions for, 328-329 
experimental conditions for modifica¬ 
tion of, 334 

mechanism of, 325-326 
stereochemistry of, 325-326 
von Richter reaction, 247, 563 
mechanism of, 592-595 
' of nitroaromatics, 591-595 

X 

X-ray diffraction, of l-acetyl-3,5,7-tri- 
ni tro-1,3,5,7 - te trazacyclooctane, 
674 

of cyclonite, 674 

of ethane-1,2-dinitramine, 674 


of nitramines, 674 
of nitroguanidine, 674 
of Ws-nitroxyethylnitramine, 674 
of polynitrimines, 674 

Y 

Yanowski reaction, nucleophilic dis¬ 
placement of hydrogen in nitro¬ 
aromatics, 559-561 

Z 

Zimmermann reaction, nucleophilic dis¬ 
placement of hydrogen in 
nitroaromatics, 559-561 



